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ABSTRACT 



Context. We present a detailed analysis of 26 barium stars, including dwarf barium stars, providing their atmospheric parameters (T^ff, log g, 

[Fe/H], V,) and elemental abundances. 

Aims. We aim at deriving gravities and luminosity classes of the sample stars, in particular to confirm the existence of dwarf barium stars. 

Accurate abundances of chemical elements were derived. Abundance ratios between nucleosynthetic processes, by using Eu and Ba as 

representatives of the r- and s-processes are presented. 

Methods. High-resolution spectra with the FEROS spectrograph at the ES0-1.5m Telescope, and photometric data with Fotrap at the 

Zeiss telescope at the LNA were obtained. The atmospheric parameters were derived in an iterative way, with temperatures obtained from 

colour-temperature calibrations. The abundances were derived using spectrum synthesis for Li, Na, Al, a-, iron peak, s- and r-elements atomic 

lines, and C and N molecular lines. 

Results. Atmospheric parameters in the range 4300 < Teff < 6500, -1.2 < [Fe/H] < 0.0 and 1.4 < log g < 4.6 were derived, confirming that our 

sample contains giants, subgiants and dwarfs. The abundance results obtained for Li, Al, Na, a- and iron peak elements for the sample stars 

show that they are compatible with the values found in the literature for normal disk stars in the same range of metallicities. Enhancements of 

C, N and heavy elements relative to Fe, that characterise barium stars, were derived and showed that [X/Ba] vs. [Ba/H] and [X/Ba] vs. [Fe/H] 

present different behaviour as compared to [X/Eu] vs. [Eu/H] and [X/Eu] vs. [Fe/H], reflecting the different nucleosynthetic sites for the s- and 

r-processes. 
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1. Introduction 

Barium stars were recognized as a distinct group of peculiar 
stars by Bidelma n & KeenanI 11195 ih . Initially, the objects in- 
cluded in this group were only G and K giants which showed 
strong lines of s-process elements, particularly Ball at /14554 
A and SrII at /14077 A, as well as enhanced CH, CN and 
Cj mo lecular bands. However, the discovery by Tomkin et alj 
(119891) that the dwarf star HR 107 showed chemical compo- 
sition similar to that of a mild barium giant, has pushed the 
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search for less evolved barium stars ( iGomez et alJl997l) . Some 
studies have proposed that these stars could be ancestors of the 
barium giants (North et al. 1994; Barbuv et al. 1992). 

McClure et alJ ( Il980l) revealed that most barium stars, 
maybe all of them, show variations in radial-velocity sug- 
gesting th e presence of compan ions. This has been con - 
firmed bv iMcClurel (fl98i [l984 and ludrv et all (Il998albt) . 
iBohm-Vitensd ( 119801) aiid iBohm-Vitense & JohnsonI ( 1 198a) 
observed an ultraviolet excess in the barium stars f CAP and 
^ Ceti, which could be explained by white dwarf companions. 

The binarity hypothesis for all barium stars has provided 
an interesting explanation for their peculiarity. In this context, 
the more massive of them evolves through the thermal pulse 
- asymptotic giant branch (TP-AGB) phase, when s-process 
occurs, and afterwards the third dredge-up brings to the sur- 
face carbon and s-process elements. The enriched material is 
then transferred to the companion, which becomes a barium 
star. Bond et alJ (120031) observed a planetary nebula (PN) in 
Cassiopeia, with a late type star, showing overabundance in 
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carbon and s-process elements typical of a barium star This 
discovery con firmed the hypothesis about their origin. In the 
PNs Abell 35 ( Jacobv 1981; Thevenin & Jasniewicz 1997) and 
LoTrS (Jasniewicz et aL.1996; .Thevenin & Jasniewicz. .1997.) 
barium and s-elements rich stars were also observed. There is 
a central hot star in each of these nebulae detected with lUE 
(International Ultraviolet ExDlorer). \]effhes & Smallev.U996.) 
observed the binary system 2REJ0357+283 consisting of a 
white dwarf and an s-element rich K dwarf star, where the high 
rotation can be attributed to the mass transfer from the white 
dwarf progenitor, during the AGB phase. 

However, severa l lUE spectra of barium stars analysed by 
IPominv & Lam berP (* 1 9831) showed no UV excess, putting in 
check the hypothesis t hat all bar i um s tars have a white dwarf 
companion. iBohm-Vitense et alJ ( 1200 0) observed UV excess 
for most of their barium stars, but the estimated cooling time 
for some of the companion white dwarfs, was too long or larger 
than the evolution time of the barium star If the binarity hy- 
pothesis is not confirmed for all stars of the group, another ex- 
planation for their origin would be needed. 

In Sect. 2 the observations are reported. In Sect. 3 the at- 
mospheric parameters are derived. In Sect.4 the abundances 
derivation is described. In Sect. 5 conclusions are drawn. 



2. Observations 



The sample stars were selected from lGomez et al.l lll997h and 
iNorth et alJ ill 9941) where the authors suggested that there were 
less evolved barium stars among the giants of their sample. The 
star HR 10 7 from Tomkin et al. ( 1989 ) was also included in 
the sample. JMennessier et alJ ( Il997h identified HD 5424, HD 
13551, HD 116869 and HD 123396 as halo stars. 

Optical spectra were obtained at the 1.52m telescope at 
ESO, La Silla, using the Fiber Fed Extended Range Optical 
Spectrograph (FEROS) (Kaufer et al. 2000), on February 
and October/2000, January and October/2001, January and 
July/2002. The total spectrum coverage is 356-920 nm with 
a resolving power of 48,000. Two fibers, with entrance aper- 
ture of 2.7 arcsec, recorded simultaneously star light and sky 
background. The detector is a back-illuminated CCD with 
2948x4096 pixels of 15 jum size. Reductions were carried out 
through a special pipeline package for reductions (DRS) of 
FEROS data, in MIDAS environment. The data reduction pro- 
ceeded with subtraction of bias and scattered light in the CCD, 
orders extraction, flatfielding, and wavelength calibration with 
a ThAr calibration frame. Radial velocities were taken into ac- 
count by using IRAF tasks RVIDLINE and DOPCOR. The 
spectra were cut in parts of 100 A each using the SCOPY task, 
and the normalization was carried out with the CONTINUUM 
task. 

The photometric observations were obtained using the 
FOTRAP (Fotometro Rapido) at the ZEISS 60cm telescope 
at LNA (Laboratdrio Nacional de Astrofisica) in June, August 
and September/2001 and May and July/2002. Data reductions 
were done using the appropriate code available at LNA. The 
colours obtained were (B-V), (V-R), (R-I) and (V-I). The log of 
observations is presented in Table[l] 



Table 1. Log of spectroscopic (sp) and photometric (pho) 
observations. The S/N ratio was measured in the of /15000 
A region. Radial velocity vv (km/s) is shown in column 6 . 
Re ferences used to bu ild this samp le: 1 -lOomez et alJ lll997h : 
2 - iNorthetalJ ill994h : 3 - Tomkin ^^ ill 9891) . 



star 



date 



p}w 



date. 



Exp. (s) S/N 



ref 



HD749 


31/08/2001 


17/01/2001 


1800 


200 


15.47 


1 


HR107 


16/07/2002 


05/10/2001 


600 


200 


9.76 


3 


HD5424 


01/09/2001 


17/01/2001 


3000 


100 


-1.56 


1 


HD8270 


01/09/2001 


14/02/2000 


1800 


150 


14.97 


1 


HD 12392 


31/08/2001 


17/01/2001 


2700 


120 


-25.38 


1 


HD 13551 


01/09/2001 


14/02/2000 


2700 


100 


34.79 


1 


HD22589 


01/09/2001 


14/02/2000 


2700 


200 


-28.90 


1 


HD27271 


01/09/2001 


14/02/2000 


1800 


250 


-16.65 


1 


HD48565 




23/01/2002 


600 


250 


-33.67 


2 


HD76225 


18/05/2002 


23/01/2002 


1200 


150 


-1.34 


2 


HD87080 


18/05/2002 


14/02/2000 


2700 


120 


8.10 


1 


HD89948 


18/05/2002 


14/02/2000 


1800 


250 


6.01 


1 


HD92545 


18/05/2002 


23/01/2002 


1200 


150 


-0.16 


2 


HD106191 


19/05/2002 


03/07/2002 


3600 


100 


0.68 


2 


HD 107574 


18/05/2002 


23/01/2002 


1320 


200 


0.78 


2 


HD 11 6869 


18/05/2002 


14/02/2000 


3600 


150 


-9.84 


1 


HD123396 


19/05/2002 


15/02/2000 


3600 


150 


26.64 


1 


HD 1235 85 


18/05/2002 


04/07/2002 


7200 


100 


27.87 


1,2 


HD 147609 


18/05/2002 


04/07/2002 


3600 


120 


-19.39 


2 


HD 150862 


18/05/2002 


04/07/2002 


3600 


150 


50.38 


2 


HD 188985 


19/05/2002 


04/10/2001 


1800 


130 


8.17 


1,2 


HD2 10709 


26/06/2001 


18/10/2000 


2700 


100 


27.01 


1 


HD210910 


27/06/2001 


19/10/2000 


2400 


200 


-9.86 


1 


HD222349 


15/07/2002 


02/10/2001 


2400 


150 


27.65 


2 


BD+185215 




05/10/2001 


3600 


100 


-33.98 


2 


HD223938 


15/07/2002 


18/10/2000 


2700 


250 


-0.85 


1 



3. Atmospheric Parameters 

3.1. Extinction 

Redde ning values shown i n Table |3| were derived accord- 
ing to Cardelli et al. (1989), using effective wavelengths by 
iBessel l & Brett ( 1988|) and iBesselll l fl97^) . The visual extinc- 
tion A,, was conside red nul l for stars nearer than 70 pc accord- 
ing to lVer^elv et al.l (Il9 9^. and for the oth er stars. A,, was de- 
terminated according to *Chen et al.l(ll998l) . 

Distances were taken from iMennessier et al.l lll997l) . 
Including Hipparcos parallaxes as input, these authors used 
a Maximum Likelihood method, which they considered to 
provide better results for the distances than the ones ob- 
tained directly fr om the parallaxes. The distances missing in 
Men nessier et al.[ were obtained directly from Hipparcos par- 
allaxes. In cases where no parallax values were available in 
the Hipparcos Catalogue, initial distances were estimated as- 
suming that th ese stars are subgian ts of absolute magnitude 
M,. = 3.3 from lOomez et al.1 (Il997l) . or dwarfs of M, = 4.5. 
The V magnitudes in these cases were taken from SIMBAD 
available at the web address http://simb ad.u-strasbg.fr/ Simbad 
Distances are shown in Table |2| 
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Table 2. Equatorial and galactic coordinates of the sample barium stars. The errors on last decimals are given in parenthesis. 
Distances Dm are from Mennessier et al. ( 1997); distances D// were determined from Hipparcos parallaxes (DH=l/7rH); D^ are 
the distances from spectroscopy for stars with Hipparcos parallax not available. 



star 


a (2000) 


6 (2000) 


Kh (mas) 


D«(kpc) 


DM(kpc) 


Dg(kpc) 


1 


b 


HD749 


00:11:38 


-49:39:20 


7.11(1.08) 


0.141(20) 


0.161(23) 




319.03 


-66.21 


HR107 


00:28:20 


+ 10:11:23 


27.51(0.86) 


0.036(1) 






113.62 


-52.26 


HD 5424 


00:55:44 


-27:53:36 


0.22(1.42) 


4.5(20.0) 


0.979(344) 




251.97 


-88.78 


HD 8270 


01:21:10 


-47:31:48 


13.43(1.16) 


0.074(6) 


0.078(7) 




288.97 


-68.78 


HD 12392 


02:01:23 


-04:48:10 








0.219(30) 


162.77 


-62.14 


HD 13551 


02:10:09 


-60:45:31 


8.91(0.88) 


0.112(10) 


0.118(12) 




286.75 


-53.83 


HD 22589 


03:37:55 


-06:58:25 








0.249(20) 


193.68 


-45.71 


HD 27271 


04:18:34 


+02:28:17 


6.01(1.13) 


0.166(30) 


0.168(15) 




190.74 


-32.02 


HD 48565 


06:44:55 


+20:51:38 


21.77(1.07) 


0.046(2) 


0.046(2) 




193.53 


+ 7.97 


HD 76225 


08:54:01 


-26:54:56 


3.37(1.11) 


0.297(98) 


0.208(32) 




251.43 


+ 11.42 


HD 87080 


10:02:01 


-33:41:11 


7.90(1.39) 


0.127(22) 


0.160(27) 




267.02 


+ 17.12 


HD 89948 


10:22:22 


-29:33:23 


23.42(0.93) 


0.043(2) 


0.043(2) 




268.02 


+23.03 


HD 92545 


10:40:58 


-12:11:44 


7.82(1.05) 


0.128(17) 


0.120(13) 




259.85 


+39.52 


HD 106191 


12:13:11 


-15:13:56 








0.145(20) 


289.43 


+46.63 


HD 107574 


12:21:52 


-18:24:00 


5.02(1.06) 


0.199(42) 






293.17 


+43.91 


HD 116869 


13:26:38 


-04:26:46 


0.23(1.34) 


4.3(25.3) 


0.703(172) 




319.33 


+57.30 


HD 123396 


14:17:33 


-83:32:52 


1.73(0.86) 


0.578(287) 


0.834(295) 




305.46 


-21.10 


HD 123585 


14:09:36 


-44:22:01 


8.75(1.39) 


0.114(18) 


0.121(11) 




317.36 


+ 16.30 


HD 147609 


16:21:52 


+27:22:27 


16.64(0.99) 


0.060(4) 






45.97 


+43.60 


HD 150862 


16:44:44 


-25:12:59 








0.74(10) 


355.20 


+ 13.21 


HD 188985 


19:59:58 


-48:58:32 


14.06(1.18) 


0.071(6) 


0.074(6) 




350.01 


-31.07 


HD 210709 


22:12:54 


-35:25:51 


-0.10(1.37) 




0.197(29) 




9.08 


-55.37 


HD 210910 


22:13:42 


-03:46:31 


6.13(1.16) 


0.163(31) 


0.195(32) 




57.73 


-45.72 


HD 222349 


23:40:01 


-56:44:26 








0.168(20) 


321.31 


-57.77 


BD+18 5215 


23:46:56 


+ 19:28:22 








0.153(20) 


102.68 


-40.85 


HD 223938 


23:53:50 


-50:00:00 


4.42(1.21) 


0.226(62) 


0.218(36) 




324.82 


-64.61 



Table 3. Reddening values for sample stars (see Sect. 3.1). 



star 


A, 


E(B-V) 


E(V-I) 


E(V-R) 


E(R-I) 


E(V-K) 


HD749 


0.0(1) 












HR107 


0.0(1) 












HD5424 


0.0(1) 












HD 8270 


0.0(1) 












HD 12392 


0.0(1) 












HD 13551 


0.0(1) 












HD 22589 


0.030(108) 


0.010 


0.012 


0.005 


0.007 


0.027 


HD 27271 


0.092(123) 


0.029 


0.036 


0.015 


0.021 


0.082 


HD 48565 


0.0(1) 












HD 76225 


0.038(109) 


0.012 


0.015 


0.006 


0.009 


0.034 


HD 87080 


0.161(140) 


0.052 


0.063 


0.027 


0.037 


0.143 


HD 89948 


0.0(1) 












HD 92545 


0.045(111) 


0.014 


0.018 


0.007 


0.010 


0.040 


HD 106191 


0.018(105) 


0.006 


0.007 


0.003 


0.005 


0.016 


HD 107574 


0.037(109) 


0.012 


0.015 


0.006 


0.009 


0.033 


HD 1 16869 


0.0(1) 












HD 123396 


0.061(115) 


0.020 


0.024 


0.010 


0.014 


0.054 


HD 123585 


0.130(132) 


0.042 


0.051 


0.022 


0.030 


0.115 


HD 147609 


0.0(1) 












HD 150862 


0.090(123) 


0.029 


0.035 


0.015 


0.021 


0.080 


HD 188985 


0.051(113) 


0.016 


0.020 


0.008 


0.012 


0.045 


HD 210709 


0.0(1) 












HD 210910 


0.026(106) 


0.008 


0.010 


0.004 


0.006 


0.023 


HD 222349 


0.0(1) 












BD+18 5215 


0.047(112) 


0.015 


0.019 


0.008 


0.01 1 


0.042 


HD 223938 


0.0(1) 













3.2. Temperatures 

Literature photometric data were taken from the 2MASS 
Point Source Catalog dCutri et al. 2003, K, magnitude), The 



General Catalogue Photometric Data by J.C. Mermilliod, 
B. Hauck and M. Mermilliod available at the web ad- 
dress http://obswww.unige.ch/gcpd/gcpd.html (Bi, B2, G and 
Vi magnitudes from Geneva system), Hipparcos Catalogue 
( iPerrvman et alJI 19971 (B-V)h and V, shown in the columns 3 
and 8 of Table|3] respectively). For sample stars missing in the 
Hipparcos Catalogue, (B-V) values were taken from SIMBAD. 
Photometric data used are shown in Table|4] 

The colo ur-temperature calibrations were adopt ed from 
lAlonso et alJ ( Il996i) for stars of log g > 3 .6 . .Alonso et alJ 
(:199 9b for log g < 3.6 and iLeieune et al] ( Il998h for all 
stars. lAlonso et alJ calibrations use the Johnson system for 
UBVRI and T CS (Telescopio Cailos Sanchez) for JHKLHMN. 
iLeieune et alJ used the Cousins system for UBVRI and MSO 
for JHKLHMN. Th e calibrations used for t he Gen eva colours 
wer e adopted fr om Melendez & Ramirez! 1120031) for dwarfs 
and iRamfrez & Melendez (2004) for giants. The transfor- 
mations between photometric systems were obtained from 



.^arpenter 



^ ll200ll) 



Bessell & Breti 



y stems were optam ea rrom 
1 (1 1988h . lAlonso et aL (.1996) 



and Alons o et alJ 

The G band affects the spectrum in the A < 4320A region. 
It is possible to see some alteration in the black body distri- 
bution i n the far infrared, probably due to d ust in the binary 
system JCatchpole et alJll977t lHakkilalll989l) . The colour (B- 
V) is affected by t he CN an d C2 bands, causing in the spectrum 
the depression of iBond & Neff (1969) . making the stars red- 
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der and as a consequence the temperatures derived from this 
colour can be lower. Colours (R-I) and (V-I) are more affected 
by molecular bands and blanketing effects in K and M stars 
than (V-K). The cah brations resulte d in slightly different tem- 
peratures. In g eneral- l Lej eune et al. (11998) pro vide higher tern - 
peratures than lAlonso et aO (Il996l) and lAlonso et alJ ([l999). 
The resulting temperatures of the Geneva system are generally 
higher than those from the (B-V) index (see Tables |6l and 0. 
Given that some indicators tend to increase and others to re- 
duce the temperature, effective temperatures adopted were the 
mean values obtained from the (B-V) Hipparcos, (B-V), (V- 
I), (V-R) and (R-I) from LNA, and (V-K) 2MASS indices and 
the colours of the Geneva system (B2-V1), (B2-G) and (B1-B2). 
This is shown in column 2 of Table |5] The uncertainties were 
estimated to be ± 100 K, taking into account the errors from the 
colour-temperature calibrations. 

In order to check photometric temperatures, the excitation 
temperatures Tg^c were derived by imposing excitation equi- 
librium. Lines of Fe i and Fe 11 that give metallicities differing 
between the average and median of A[Fe/H] > 0.01 dex were 
eliminated. This procedure prevents blended lines to affect the 
results. Resulting T^xc are given in column 3 of Tabled and 
illustrated in Figure Q] 



3.7 

log 'I'cn 



Fig. 2. Isochrones from lBertelli et alJ ( 119941) with sample stars 
overplotted (black squares). 



1,5 

1 

0.5 



-0.5 

-1 

1 
0,5 

c 

S 

"-0.5 

-1 

1 

0.5 



-0.5 



T^ff = 6550 K 

[Fe/H] = -0,24a(3a)-0,016(9)x,. X?.a=1051 dof = 123 



l^*f-^f#.|^| 



r^,, = 6450 K 

[Fe/H]=-0. 363(32) 0.001(g);(^^ XL-I^''^^ dof = 123 



-# 



T^„ = 6350 K 

[Fe/H] = -0. 464(32) 10. 016(9)x„ x'.t'i-''^^ dot = 123 



X„(eV) 



I- 



W^ I' - 1 - ^ I II I ^ 



p^^t^ rti 



Fig.l. [Fel/H] vs. Xex (eV) for the star HD 123585. Least- 
squares fits for 3 values of temperatures were used to derive 
Texc- Uncertainties on [Fel/H] and Xex were estimated to be 
±0.10 and +0.01, respectively. 



3.3. Surface Gravity 

Surface gravities (log g) were determined using two methods: 
1) Spectroscopic gravities were derived by imposing ion- 
ization equilibrium of Fe i and Fe ii (Figure |3, and given in 



column 4 of Table|9l The gravity log g was varied until the two 
curves of growth give a same [Fe/H] value, where Fe n lines are 
more sensitive to gravity variations. According to lNissen et alJ 
(Il997li) . this method presents a problem because Fe i lines are 
affected by NLTE effects. The uncertainty was estimated as 
±0.1 dex. 

2) The classical equations of stellar evolution (equationllj 
as a function of the distances, a ccording to .Nissen et al.. (1997.) 
and lAllende Prieto et alJ ( Il999l) : 



M. 



log| ^ I = log( ^1+4 logl ^ j + 0.4yo + 0.4BC + 
+21og^+0.1 



Tef. 



(1) 



Clogg 



Cm 



Mln(IO) 



r,//.ln(10) 



4a-Tef 



r,//oln(10) 



+ <,,o + (0-4^vo)^ + (0.4cr,c)^ + ( ^ 



0.5 



(2) 



where M, is the stellar mass, Vo is the V corrected magni- 
tude, BC is the bolometric correction and D is the distance de- 
rived as ex plained in Sect. 3.1. For the Sun, Tg/fQ = 5781 K 
dBessell et al. 1998) ; log go = 4.44; M^o = 4.75 (Cram 19991) 
were adopted. 

Stellar masses in equation ^ were adopted from 
iBertelli et alJ (119941) isochrones, as shown in Figure |2] 
and reported in column 9 of Table [TO] corresponding to 
metallicities and temperatures as close as possible to those of 
the sample (columns 7 (or 6) and 2 of Table |5] respectively). 
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log (a(sun) 



Fig. 3. Fe I and Fe ii curves of growth for the star HD 89948. ' W are the equivalent widths, logiaisunj) - login Jhh), where n^ 
and riH are t he numerical densi t ies of an el ement and hydrogen, respectively; loggf: oscillator strength; F = {W/ A)(nf{ / n t){gfy^ , 
as defined in lCavrel & Jugakul ( 1 19631) and lSpite & Spitd ( 11975 ). The iron abundance is given by the horizontal distance between 
the linear part of the curve of growth and the 45° Une through the origin. 



Uncertainties were estimated as + 0.1 Mq. These log g values 
are shown in column 5 of Table|9l 

According to Nissen et al. (jl997h . the gravities resulting 
from the first method are systematically lower than those of 
the second, but there is no clear explanation. It could reside in 
NLTE effects in Fe i lines, uncertainties on masses or tempera- 
tures. 

3.4. Oscillator Strengths 

The Fei line list and respective oscillator strengths from 
National Institute of Standards & Technology (NIST) library 
(Martin et al. 1988, 2002) and F en oscillator strengths renor- 
malized bv lMelendez & Barbuvl (2006) were adopted. The list 
of Fe I and Fe n lines is given in Table|5] Damping constants for 
neutral li nes were computed using th e collisional broadening 
theory of iBarklem et alJ (119981 l200d an d references therein) , 
as described in'Zocca U et alJ (12004*) and' Coelho et"ai] ilOOSt) . 
The oscillator strengths for the elements other than Fe and re- 
spective sources are shown in Table [21 For a- and iron peak 
elements, most values are from NIST. Laboratory values were 
preferred over theoretical ones. 

For Unes of Cul, Full, La II, Ball and Pbl, hyperfine 
structure (hfs) was taken into account employing a code 
made avail able by McWilliam, foll owing the calculations de- 
scribed by IProchaska et alJ (I2OO0I) . The hfs constants w ere 
taken from 'Rutten ('1978") for BalL'Lawler et al.' ('2001a') for 
La n. lLawleretal. (2001b) for Eu II and Biemont et al. (2000) 
for Pbl. The final hfs c omponerits wer e determined by using 
the solar isotopic mix by Lodders (^2003 ) and total log gf values 
from laboratory measurements, as shown in TablellSI For cop- 
per, the hfs from lBiehll d 19761) was used, with isotopic fractions 
of 0.69 for ^''Cu and 0.31 for ^^Cu. In this case, small correc- 
tions were applied such that the total log gf equals the gf-value 



adopted in this work. The lines f or which hfs were u sed were 
checked using the solar spectrum (iKurucz et alJl984l) . 



Table 5. Equivalent widths and atomic constants for Fe i and 
Fell lines, el - HD 749; e2 - HR 107; e3 - HD 5424; e4 - 
HD 8270; e5 - HD 12392; e6 - HD 13551; e7 - HD 22589; 
e8 - HD 27271; e9 - HD 48565; elO - HD 76225; ell - HD 
87080; el2 - HD 89948; el3 - HD 92545; el4 - HD 106191; 
el5 - HD 107574; el6 - HD 116869; el7 - HD 123396; el8 
- HD 123585; el9 - HD 147609; e20 - HD 150862; e21 - 
HD 188985; e22 - HD 210709; e23 - HD 210910; e24 - HD 
222349; e25 - BD-i-18 5215; e26 - HD 223938. Full table is 
only available in electronic form. 



ion 


A 


A-« 


loggf 


el 


e2 


e3 


e4 


e5 


e6 


e7 


e8 


e9 


elO... 


Pel 


4514.19 


3.05 


-2.050 


89 


24 


76 


34 


79 


36 


67 


87 


24 


32... 


Pel 


4551.65 


3.94 


-2.060 


48 


5 


41 


12 


45 




31 


50 


7 




Pel 


4554.46 


2.86 


-3.050 




13 




16 














Pel 


4579.82 


3.07 


-2.830 


47 




41 




36 




25 






9... 


Pel 


4587.13 


3.57 


-1.780 


83 


26 


79 


27 


80 


34 


61 


86 


23 


34... 


Pel 


4613.21 


3.29 


-1.670 


87 




95 


46 


91 


62 


73 


93 


33 


47... 



3.5. Metallicities and Microturbulent Velocities 

Equivalent widths were measured with IRAF, and Fei and 
Fen lines with 10 < Wj < 160 mA were considered. 
Photospheric ID models were extracted from the NMA RCS 
grid (Plez et al. 1992). originally d eveloped by Bell et alJ 
d 19761) and iGustafsson et all d 1975b for gravities log g < 
3.3. For less ev olved stars, with log g > 3.3 the models by 
Edvardsson et al. (1993) were adopted. 



6 D.M. Allen and B. Barbuy: Analysis of 26 Barium Stars 

Table 4. Colours and magnitudes. V magnitudes are from the Hipparcos database, otherwise from SIMBAD (marked with *); 
Kj from 2MASS Point Source Catalog; Bi, B2, Vi and G ai-e Geneva magnitudes; "H": Hipparcos; "S": SIMBAD; "L": LNA. 
Uncertainties for Hipparcos database are of ± 0.01 whereas for SIMBAD they were estimated in ± 0.05. 



star 


(B-V)s 


(B-V)„ 


(B-V), 


(V-I)l 


(V-R), 


(R-Dl 


V 


K, 


Bi 


B2 


V, 


G 


HD749 


1.130 


1.126(12) 


1.126 


1.096 


0.581 


0.515 


7.91 


5.385(9) 










HR107 


0.430 


0.447(5) 


0.408 


0.506 


0.245 


0.261 


6.05 


4.942(13) 


0.992 


1.401 


1.172 


1.525 


HD 5424 


1.130 


1.141(2) 


1.169 


1.003 


0.521 


0.482 


9.48 


7.015(15) 


1.372 


1.117 


0.283 


0.466 


HD 8270 


0.490 


0.537(17) 


0.539 


0.664 


0.334 


0.330 


8.82 


7.524(15) 


1.013 


1.352 


1.063 


1.390 


HD 12392 


1.060 




1.126 


0.842 


0.460 


0.382 


8.49* 


6.231(31) 










HD 13551 


0.550 


0.599(24) 


0.522 


0.682 


0.351 


0.331 


9.32 




1.014 


1.363 


1.076 


1.420 


HD 22589 


0.710 




0.752 


0.806 


0.419 


0.387 


8.97* 


7.265(11) 










HD 27271 


1.000 


1.011(17) 


1.028 


1.051 


0.542 


0.509 


7.53 


5.270(11) 










HD 48565 


0.528 


0.562(22) 










7.20 


5.806(17) 


1.007 


1.355 


1.028 


1.352 


HD 76225 


0.510 


0.567(22) 


0.522 


0.594 


0.300 


0.294 


9.23 


7.979(39) 


1.017 


1.359 


1.058 


1.390 


HD 87080 


0.780 


0.775(12) 


0.761 


0.797 


0.405 


0.392 


9.40 


7.567(19) 


1.120 


1.275 


0.769 


1.050 


HD 89948 


0.500 


0.545(11) 


0.543 


0.612 


0.309 


0.303 


7.50 


6.189(19) 


1.036 


1.338 


1.021 


1.347 


HD 92545 


0.470 


0.503(3) 


0.500 


0.592 


0.299 


0.293 


8.55 


7.282(23) 


1.016 


1.362 


1.080 


1.412 


HD 106191 


0.680 




0.600 


0.643 


0.323 


0.320 


10.00* 


8.586(21) 


1.053 


1.330 


0.966 


1.284 


HD 107574 


0.400 


0.441(8) 


0.434 


0.524 


0.263 


0.261 


8.55 


7.415(17) 


0.983 


1.384 


1.153 


1.505 


HD 116869 


0.970 


1.040(15) 


1.041 


0.997 


0.520 


0.477 


9.49 


7.143(19) 










HD 123396 


1.180 


1.190(15) 


1.224 


1.178 


0.598 


0.580 


8.97 


6.144(17) 










HD 123585 


0.520 


0.519(12) 


0.505 


0.555 


0.285 


0.270 


9.28 


8.081(19) 


1.015 


1.362 


1.061 


1.405 


HD 147609 


0.470 


0.600(15) 


0.584 


0.655 


0.332 


0.323 


8.57 




1.010 


1.359 


1.078 


1.421 


HD 150862 


0.490 




0.515 


0.578 


0.296 


0.282 


9.17* 


8.009(27) 


1.020 


1.355 


1.068 


1.399 


HD 188985 


0.480 


0.532(17) 


0.550 


0.604 


0.300 


0.304 


8.55 


7.231(23) 


1.034 


1.345 


1.019 


1.347 


HD 210709 


1.060 


1.103(5) 


1.117 


1.051 


0.559 


0.492 


9.23 


6.711(19) 










HD 210910 


1.100 


1.100(30) 


1.086 


1.133 


0.596 


0.537 


8.49 


5.857(19) 


1.307 


1.144 


0.344 


0.513 


HD 222349 


0.500 




0.495 


0.571 


0.287 


0.284 


9.20* 


7.940(25) 


1.001 


1.365 


1.082 


1.421 


BD+18 5215 


0.370 












9.74* 


8.535(11) 


0.991 


1.368 


1.110 


1.452 


HD 223938 


0.890 


0.905(14) 


0.873 


0.893 


0.461 


0.432 


8.62 


6.504(13) 











Microturbulent velocities Vt were determined by canceling 
the trend of Fe i abundance vs. equivalent width. 

The uncertainties on the metallicity are due to uncertainties 
on the input parameters: temperature, log g and microturbu- 
lent velocity. The variation of these parameters affects the iron 
abundance e(Fe), as follows 



(r,(Fe) = ^(AeiFeh)^ + (Ae(Fe)ig)^ + (Ae(Fe\)^ 



(3) 



where Ae(Fe)7, Ae{Fe)ig and Ae(Fe),, are the differences on 
the iron abundances due to variations on temperature, log g and 
microturbulent velocity, respectively. 

The contributions of the equivalent widths (from 0. 5 to 0.9 
mA) to the uncertainty in metallicity are negligible JCavrel 



119891) . where uncertainties on continuum placement are not 
taken into account. 

For HD 5424, a variation of Ar = 100 K in the tempera- 
ture results in Ae(Fe)T - 1.940 x 10*, Alogg = 0.3 dex in log 
g results in Ae(Fe)ig - 2.855 x 10* and Av, - 0.1 km/s in v, 
results in Ae(Fe), = 0.803 x 10* in the e(Fe). For HD 150862, 
Ae{Fe)T = 5.65 x 10^ for Ar = 100 K, Ae(Fe),g = 1.69 x 10* 
for Alogg = 0.1 dex and Ae(Fe), = 0.113 x 10* for Av, = 0.1 
km/s. The quantity of interest is the logarithm of e(Fe), such 
thato-ioge(Fc) = io-^(Fe))/(e(Fe) In 10). Consequently, o-f^^/^] = 

^ioge(Fe) + ^ig,(Fe)0^ resulting o-iFe/H] =0.18 for HD 5424, 
and this result should be typical for all sample stars with log g < 



4 



3.3. For HD 150862, crifeifj] - 0.04, this uncertainty being 
adopted for stars with \ogg > 3.3. 

3.6. Adopted Atmospheric Parameters 

The atmospheric parameters were derived in an iterative way, 
adopting initial values of log g and [Fe/H] according to 
[North et al. ( 1994) and Gomez et al. ( 1997). The Hnes of Fei 
and Fe ii were used separately in order to test the ionization 
equilibrium (see Sect. 3.3). In this first iteration, one searchs for 
values of log g, [Fe/H] and v, coiTesponding to the ionization 
equilibrium in order to verify the trend of the results. Using the 
average of the temperatures and masses from isochrones, the 
surface gravity was determined from equation^ in order to be 
compared with that from the ionization equilibrium. 

In the first iteration, values different from the ones adopted 
initially for [Fe/H] and log g from equation ^ were obtained. 
In this case, these new values were used as input in the colour- 
temperature calibrations and the procedure was restarted. The 
procedure was repeated until the input parameters matched the 
output ones, providing a consistent set of atmospheric param- 
eters. After several iterations, it was possible to define a set of 
atmospheric parameters for each star, shown in Table |9] These 
results indicate that our sample contains giants, subgiants and 
dwarfs. Table [^ shows atmospheric parameters for barium 
stars found in the literature. 
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Table 7. Temperatures based on calibrations bv lAlonso et alJ (I199ot or'Alonso et al.'('l999') and for the Geneva system those by 
IMelendez & Ramirez (2003) for subgiants or dwarfs and lRamirez & Melendez (2004) for giants. 



star 



l(B-V)S 



l(B-V)H 



■-(B-VjL 



l-(V-R)L 



'-(R-l)L 



HD749 


4570 


4570 


4570 


4530 


4570 


4570 


4590 








HR107 


6440 


6370 


6540 


6460 


6600 


6180 


6410 


6410 


6430 


6360 


HD 5424 


4430 


4410 


4360 


4720 


4740 


4690 


4620 


4400 


4470 


4460 


HD 8270 


6130 


5940 


5940 


5760 


5860 


5650 


6080 


6050 


6050 


6050 


HD 12392 


4670 




4560 


5110 


5010 


5190 


4840 








HD 13551 


5890 


5730 


6000 


5700 


5740 


5640 




6060 


6120 


6130 


HD 22589 


5420 




5290 


5320 


5370 


5300 


5470 








HD 27271 


4950 


4930 


4890 


4700 


4780 


4690 


4940 








HD 48565 


5910 


5790 










5920 


5820 


5860 


5820 


HD 76225 


6150 


5930 


6110 


6110 


6180 


5970 


6210 


6070 


6110 


6080 


HD 87080 


5280 


5290 


5330 


5510 


5560 


5480 


5450 


5250 


5370 


5370 


HD 89948 


6150 


5970 


5980 


5970 


6070 


5820 


6060 


5950 


5990 


6000 


HD 92545 


6390 


6250 


6260 


6130 


6240 


5950 


6190 


6220 


6240 


6200 


HD 106191 


5550 




5820 


5870 


6000 


5720 


5920 


5780 


5850 


5830 


HD 107574 


6520 


6330 


6360 


6450 


6440 


6330 


6430 


6370 


6380 


6370 


HD 116869 


4760 


4620 


4620 


4740 


4750 


4710 


4740 








HD 123396 


4230 


4220 


4160 


4430 


4480 


4360 


4360 








HD 123585 


6160 


6170 


6220 


6470 


6400 


6430 


6460 


6140 


6220 


6240 


HD 147609 


6400 


5880 


5940 


5800 


5950 


5620 




6210 


6280 


6210 


HD 150862 


6350 




6240 


6280 


6310 


6150 


6460 


6260 


6280 


6270 


HD 188985 


6300 


6080 


6010 


6090 


6210 


5910 


6120 


5960 


6020 


6020 


HD 210709 


4670 


4600 


4570 


4620 


4630 


4660 


4590 








HD 210910 


4660 


4660 


4680 


4480 


4540 


4510 


4520 


4520 


4570 


4430 


HD 222349 


6020 




6040 


6150 


6190 


6040 


6140 


6040 


6060 


6070 


BD+18 5215 


6670 












6310 


6270 


6280 


6280 


HD 223938 


4930 


4900 


4970 


4980 


4990 


4920 


4990 









The use of models by iGustafsson et alJ (119751) led to 
A[Fel/H1 and A[Fell/H 1 < 0.03 dex relative to models by 
lEdvardsson et al.1 (Il993h and lPlez et"aD lll992ll for most stars. 
For two stars, A[Fe/H] ^0.15 dex and for another 4 ones, 0.04 
dex < A[Fe/H] < 0.09 dex. 

In Table II Olare gi ven the bolometric co rrections BC(V) de- 
termined according to Alonso et al. (^1995) for dwarfs and sub- 
giants and to Alonso et al. ( 1999) for giants, with good agree- 
ment with va l ues de termined from a linear interpolation on 
iLeieune et al.l 11199 8' grids. The uncertainties on BC(V) were 
estimated by computing how the uncertainties on temperatures 
modify its value; from equations 0] to ^] one obtains the ab- 
solute magnitude M,,, the bolometric magnitude Mi,„i, the lu- 
minosity (Lj/Lo), the radius (Rj/R©) and the mass (Mt/M©), 
providing as input the distance D(pc), A,,, V and log g: 



M, = y-51ogD-H5-A, 



CTmv - 



(irvf 



J^^\' 



+ 0"4„ 



Mhoh = M, + BC{V) 

I \0.5 



0.5 



L, = 10 



-0.4(Mfc, 



-M, 



'bolo) T 



(4) 

(5) 
(6) 
(7) 
(8) 



^^ = L0.41n(10)cr?,.,,.+^: 



' Mio/O 



0.5 



R» = 



UT 



f/G 






0.5 



^G 



(TR^R 



1L 
2L 



'2o-TeffG 



' ''ffe 



2a- 



Teff* 



'eff* 



Recalhng that^ = 10'°^^' and o-g = gln(10)o-io. 



'gfe) 



M, 



8oRl 



M„ 



o-M ^M 



'gQ 



2o-R 
R 



0.5 



(9) 



(10) 



(11) 



(12) 



(13) 



For masses computed with equation^]and log g from ion- 
ization equilibrium, the results are those shown in column 8 
of Table ^| These masses are lower than those derived from 
the isochrones (column 9), resulting in higher values for log g 
computed from equation^ 

Our derivat i ons a re essentially compatible with 
iMennessier et al.l d 19971) masses for barium stars, accord- 
ing to their luminosity classes: 1-1.6 M© for dwarfs, and 1-3 
Mq for giants and subgiants. 

For stars with no Hipparcos parallaxes, distances also had 
to be derived iteratively. In the cases where extinction was null. 
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Table 6. Temperatures based on lLeieune et alJ ( 119981) calibra- Table 8. Masses and distances adopted for stars with no 
tions. Hipparcos parallax uh values. 



star 



^{,B-V)S '^(B-V)H '-(B-V)L '-(V-I)L '-(V-R)L '-(R-I)L '-(V-K) 



HD749 
HR107 
HD 5424 
HD 8270 
HD 12392 
HD 13551 
HD 22589 
HD 27271 
HD 48565 
HD 76225 
HD 87080 
HD 89948 
HD 92545 
HD 106191 
HD 107574 
HD 116869 
HD 123396 
HD 123585 
HD 147609 
HD 150862 
HD 188985 
HD 210709 
HD 210910 
HD 222349 
BD+18 5215 
HD 223938 



4700 
6480 
4550 
6160 
4690 
5890 
5460 
5010 
5930 
6170 
5360 
6160 
6440 
5570 
6550 
4910 
4410 
6210 
6450 
6410 
6360 
4780 
4740 
6040 
6800 
5000 



4710 
6400 
4520 
5960 

5720 

4990 
5760 
5930 
5370 
5970 
6290 

6340 
4780 
4350 
6220 
5890 

6120 
4690 
4740 



4770 
6630 
4530 
5990 
4610 
6030 
5390 
5010 

6150 
5440 
6010 
6350 
5860 
6410 
4820 
4310 
6330 
6000 
6340 
6080 
4720 
4830 
6100 



4570 
6450 
4690 
5870 
5230 
5800 
5420 
4700 

6180 
5630 
6060 
6200 
5970 
6420 
4680 
4440 
6460 
5920 
6330 
6170 
4620 
4520 
6220 



4590 
6540 
4660 
5880 
5100 
5760 
5380 
4800 

6170 
5600 
6060 
6220 
6000 
6390 
4690 
4450 
6390 
5970 
6300 
6210 
4620 
4540 
6190 



4540 
6370 
4700 
5860 
5430 
5850 
5480 
4630 

6180 
5680 
6050 
6180 
5940 
6450 
4660 
4430 
6560 
5870 
6370 
6140 
4610 
4500 
6240 



4970 5080 4940 4980 4890 



4620 
6460 
4650 
6200 
4870 

5600 
4950 
6080 
6310 
5400 
6180 
6270 
6050 
6460 
4760 
4380 
6500 

6500 
6250 
4620 
4550 
6270 
6400 
5000 



the determination of the colours was straight forward, the tem- 
peratures and the other parameters, log g, [Fe/H] and BC. The 
distance can be determined by setting the mass. In the case of 
extinction variation on which an average of A,, was adopted, 
the distance obtained can be different from that used by com- 
puting A,.. In this case, the new distance was used to restart the 
procedure, computing new A,,, colours and temperatures. The 
procedure was repeated until the output distance matched the 
input one. In both cases, the calculation was made for several 
masses inside the range given by Mennessier et al. ( 1997 ) and 
the absolute magnitudes were used to derive the masses from 
isochrones in order to be compared with the input masses. The 
log g was obtained with equation^ The mass chosen was that 
for which log g from the equation ^J was inside the range of 
0.3 dex of the spectroscopic one. Once the mass was set, the 
distances were re calculated, as shown in Ta ble|Hl 

According to iThevenin & Idiard lll999l) . the NLTE affects 
Fe I lines more than Fe ii ones, and it directly affects the log g 
derived from ionization equilibrium. For this reason, the grav- 
ities adopted were those resulting from expression [2 whereas 
for the metallicities, Fe ii lines were used, as shown in column 
7 of Tab le |9l It is worth noting that u sing the gf-values for Fe ii 
lines bv lMelendez & Barbuvl ll2006l) . the abundances of Fe de- 
rived from the Fe i and Fe ii lines are closer to each other and 
the log g from ionization equilibrium increases by 0.2 dex rel- 
ative to the case of the gf-values from NIST 

Table|9lcompared with Table ill! shows that differences are 
stronger for HD 27271 and HD 147609. Temperatures derived 



star 



adopted 



HD 12392 
HD 22589 
HD 106191 
HD 150862 
HD 222349 



150-240pc 
240-288pc 
140-180pc 
70-90pc 
154-182pc 



1.6-2,4Mo 
l,6-l,8Mo 
1,0-1, IMo 
l,0-l,2Mo 
l,l-l,2Mo 



219(30)pc 2,0(1 )Mo 
249(20)pc l,6(l)Mo 
145(20)pc l,0(l)Mo 
74(10)pc l,l(l)Mo 
168(20)pc l,2(l)Mo 



BD+18 5215 140-190pc l,l-l,2Mo 153(20)pc l,l(l)Mo 



Table 9. Stellar parameter results. Teff- photometric tem- 
perature; Tf ,(.: excitation temperature; logg(C): logg related 
to curve of growth; logg(D): logg related to masses from 
isochrones. Numbers in parenthesis are errors in last decimals. 



star 



<■// 



T„, logg(C) logg(D) [Fei/H] [Feii/H] 



HD749 
HR107 
HD 5424 
HD 8270 
HD 12392 
HD 13551 
HD 22589 
HD 27271 
HD 48565 
HD 76225 
HD 87080 
HD 89948 
HD 92545 
HD 106191 
HD 107574 
HD 116869 
HD 123396 
HD 123585 
HD 147609 
HD 150862 
HD 188985 
HD 210709 
HD 210910 
HD 222349 
BD+18 5215 
HD 223938 



4610 
6440 
4570 
5940 
5000 
5870 
5400 
4830 
5860 
6110 
5460 
6010 
6210 
5890 
6400 
4720 
4360 
6350 
5960 
6310 
6090 
4630 
4570 
6130 
6300 
4970 



4580 
6650 
4700 
6070 
5000 
6050 
5630 
4830 
6050 
6330 
5550 
6010 
6270 
5890 
6400 
4850 
4480 
6450 
5960 
6310 
6190 
4680 
4770 
6190 
6300 
5150 



2.3 
4.0 
1.8 
4.2 
3.2 
3.7 
3.3 
2.3 
3.8 
3.7 
3.7 
4.2 
4.0 
4.2 
3.6 
2.1 
1.2 
4.2 
3.3 
4.6 
4.3 
2.3 
2.0 
3.9 
4.2 
2.7 



2.8(1) 

4.08(7) 
2.0(3) 
4.2(1) 
3.2(1) 
4.0(1) 
3.3(1) 
2.9(1) 

4.01(8) 
3.8(1) 
3.7(2) 

4.30(8) 
4.0(1) 
4.2(1) 
3.6(2) 
2.2(2) 
1.4(3) 
4.2(1) 

4.42(9) 
4.6(1) 
4.3(1) 
2.4(2) 
2.7(2) 
3.9(1) 
4.2(1) 
3.1(1) 



-0.06 
-0.34 
-0.51 
-0.44 
-0.06 
-0.44 
-0.12 
-0.09 
-0.71 
-0.34 
-0.49 
-0.28 
-0.15 
-0.22 
-0.56 
-0.35 
-1.19 
-0.44 
-0.45 
-0.11 
-0.25 
-0.07 
-0.37 
-0.58 
-0.44 
-0.35 



+0.17 
-0.36 
-0.55 
-0.42 
-0.12 
-0.24 
-0.27 
+0.17 
-0.62 
-0.31 
-0.44 
-0.30 
-0.12 
-0.29 
-0.55 
-0.32 
-0.99 
-0.48 
+0.08 
-0.10 
-0.30 
-0.04 
+0.04 
-0.63 
-0.53 
-0.13 



0.9 
1.6 
1.1 
0.9 
1.2 
1.1 
1.1 
1.3 
1.0 
1.4 
1.0 
1.2 
1.3 
1.1 
1.6 
1.3 
1.2 
1.7 
1.5 
1.4 
1.1 
1.1 
2.0 
1.1 
1.5 
1.0 



from the colours indices in the present work for HD 27271 
and HD 147609 are lower than those found in the literature. 
Furthermore, the metallicities used were those derived from 
Fe II lines instead of ionization equilibrium. Also the masses 
derived using log g from ionization equilibrium are very small 
(see column 8 of TablellO>. therefore we preferred to use log g 
derived by using masses from isochrones, and Fe n lines for the 
determination of metallicities. 



4. Abundances 

The LTE abundance analysis and the spectrum synthesis cal- 
culations were performed using the codes by Spite (1967, and 
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Table 10. Bolometric corrections, absolute magnitudes, limi- 
nosities, radii and masse s for the sample star s. BCa(V): bolo- 
metric correct ions usin g Alonso et alj ( 1 19961) for dwarfs and 
subgiants and I Alonso e t al. ( 19 99J for giants; BQ(V): bolo- 
metric corrections using Leieu ne et alJ ( 119981) : M,/Mq: stel- 
lar masses from curve of growth; Mj/Mq: stellar masses from 
isochrones. Numbers in parenthesis are errors in last decimals. 



ait 



star 


BC„(V) 


BC,(V) 


M,, 


Mi„i 


LJL^ 


R.I Re 


M./Mo 


Mi /Mo 


HD749 


-0.43(6) 


-0.47(7) 


1.9(3) 


1.4(3) 


21(6) 


7(1) 


0.4(1) 


1.2 


HR107 


-0.08(1) 


-0.04(1) 


3.3(1) 


3.2(1) 


4.2(5) 


1.6(1) 


1.0(3) 


1.2 


HD 5424 


-0.44(6) 


-0.48(7) 


-0.5(8) 


-0.9(8) 


184(130) 


22(8) 


1.1(8) 


1.9 


HD 8270 


-0.13(1) 


-0.12(1) 


4.4(2) 


4.2(2) 


1.6(3) 


1.2(1) 


0.8(3) 


0.9 


HD 12392 


-0.26(3) 


-0.28(2) 


1.8(3) 


1.5(3) 


20(6) 


6.0(9) 


2.0(8) 


2.0 


HD 13551 


-0.14(1) 


-0.12(1) 


4.0(2) 


3.8(2) 


2.3(5) 


1.5(2) 


0.4(1) 


0.9 


HD 22589 


-0.20(2) 


-0.19(2) 


2.0(3) 


1.8(3) 


16(4) 


4.5(6) 


1.4(5) 


1.6 


HD 27271 


-0.32(4) 


-0.35(5) 


1.3(2) 


1.0(2) 


32(7) 


8(1) 


0.5(2) 


1.9 


HD 48565 


-0.15(1) 


-0.14(1) 


3.9(1) 


3.7(1) 


2.5(3) 


1.5(1) 


0.5(1) 


0.9 


HD 76225 


-0.08(1) 


-0.09(1) 


2.6(3) 


2.5(3) 


8(2) 


2.5(4) 


1.1(5) 


14 


HD 87080 


-0.20(2) 


-0.19(2) 


3.2(4) 


3.0(4) 


5(2) 


2.5(5) 


1.1(3) 


1.2 


HD 89948 


-0.11(1) 


-0.10(1) 


4.3(1) 


4.2(1) 


1.6(2) 


1.18(9) 


0.8(2) 


1.0 


HD 92545 


-0.08(1) 


-0.06(1) 


3.1(3) 


3.0(3) 


5(1) 


1.9(2) 


1.3(5) 


1.3 


HD 106191 


-0.11(1) 


-0.11(1) 


4.2(3) 


4.0(3) 


1.9(6) 


1.3(2) 


1.0(4) 


1.0 


HD 107574 


-0.08(1) 


-0.06(1) 


2.0(5) 


1.9(5) 


13(6) 


3.0(6) 


1.3(6) 


14 


HD 116869 


-0.37(4) 


-0.38(5) 


0.2(5) 


-0.1(5) 


88(40) 


14(4) 


0.9(5) 


1.2 


HD 123396 


-0.57(7) 


-0.61(7) 


-0.7(8) 


-1.3(8) 


255(180) 


28(10) 


0.4(3) 


0.8 


HD 123585 


-0.10(4) 


-0.06(1) 


3.7(2) 


3.6(2) 


2.8(6) 


1.4(2) 


1.1(4) 


1.1 


HD 147609 


-0.10(1) 


-0.09(1) 


4.7(2) 


4.6(2) 


1.2(2) 


1.02(9) 


0.07(2) 


1.0 


HD 150862 


-0.07(1) 


-0.06(1) 


4.7(3) 


4.7(3) 


1.1(3) 


0.9(1) 


1.1(4) 


1.1 


HD 188985 


-0.10(1) 


-0.09(1) 


4.1(2) 


4.0(2) 


1.9(4) 


1.2(1) 


1.1(2) 


1.1 


HD 210709 


-0.53(6) 


-0.45(7) 


1.1(4) 


0.5(4) 


48(20) 


11(2) 


0.8(4) 


1.1 


HD 210910 


-0.45(6) 


-0.50(7) 


2.0(4) 


1.6(4) 


19(6) 


7(1) 


0.2(1) 


1.0 


HD 222349 


-0.12(1) 


-0.11(1) 


3.1(2) 


2.9(2) 


5(1) 


2.0(2) 


1.2(4) 


1.2 


BD+18 5215 


-0.10(1) 


-0.08(1) 


3.8(3) 


3.7(3) 


3(1) 


1.4(2) 


1.1(4) 


1.1 


HD 223938 


-0.31(4) 


-0.28(2) 


1.9(4) 


1.6(4) 


18(6) 


6(1) 


0.6(2) 


1.4 



subsequent i r nproy emer its in the last thirty y ears), described in 
ICavreletal.'l l99lh and'Barbuv et al.'(2003). 

Table ^] shows the resulting abundances (log e(X) and 
[X/Fe]) for all atomic lines, whereas Tables [T6l and 1171 show 
the mean abundance of each element, obtained for the 26 sam- 
ple barium stars. Figures [^ to [H show [X/Fe] vs. [Fe/H]. For 
most elements, the solar a bundances used were extracted from 
iGrev esse & S auvall ( Il998l) . otherwise references are indicated 
in TableFTTl 

For the stars HD 749, HD 13551, HD 27271, HD 123396, 
HD 147609, HD 210910 and HD 223938, the difference 
between the metallicities derived from Fei and Feii lines, 
A[Fe/H] = [Fe ii/H] - [Fe i/H] > 0.2 dex (see Table|9|l. There are 
several possible explanations for it, such as the NLTE effect in 
lines of Fe i, imprecision in st ellar parameters ( T^f/^, log g, v,), 
blends in Fei and Feii lines. ISimmerer et alJ ll2004h also ob- 
served this effect in their sample of 159 giants and dwarfs. They 
established relations between A[Fe/H] and T^jj or log g and, 
despite having a dispersion, it is possible to note that the differ- 
ences seem to be larger at lower temperatures. iKraft & Ivans! 
( I2OO3I) attributed th i s effec t to an inadequacy of model atmo- 
spheres. |\ong.etalJ (|2003|) observed a similar behaviour in the 
relation between A[Fe/H] and T^,// for giants of the metal-poor 
globular cluster NGC 6752, also becoming more pronounced 
for the cooler stars. 

For the 7 stars mentioned before, the resulting [X/Fe] were 
very low, as shown by the starred symbols of FiguresFTTItolHI 
and for this reason, the abundances were also determined by 
using metallicities from Fei lines, as shown in Figures [TTI to 
1 141 and Tables [Tsl 1 161 and [TTI and they were used in Figures 4, 



Table 11. Atmospheric parameters for barium st ars c ol- 
lected in the literature. Re f erence s: E93: Edvards son et 
(1993); G96: Grattonetal. ("l99 d): T99: . Thevenin & Idiar 
(.1999.): P05: .Pereira (.2005.) : P03: iPereira & .luna ueira (2003); 
B92: iRarbuvetalJ (I1992I) : N9 4: iNorthetalJ (1994): S86: 
Smith & Lambert (1986); L91: Luck & Bond ( il991l) : S93: 
■Smith et aL U993.) . Numbers in parenthesis are errors in last 
decimals. 



star 



leffiK) logg [M/H] v,(km/s) ref 



HR107 


6488 


4.08 


-0.37 


- 


E93 


HR107 


6431 


4.06 


-0.37 


1.98 


G96 


HR107 


6462 


4.17 


-0.21 


1.00 


T99 


HD 8270 


6100 


4.2 


-0.53 


1.4 


P05 


HD 13551 


6400 


4.4 


-0.28 


1.6 


P05 


HD 22589 


5600 


3.8 


-0.16 


1.4 


P05 


HD 27271 


5350 


2.30 


-0.50 


3.0 


B92 


HD 48565 


5910 


3.50 


-0.90 


1.2(2) 


N94 


HD 48565 


5929 


3.72 


-0.54 


1.00 


T99 


HD 76225 


6010 


3.50 


-0.50 


1.7(2) 


N94 


HD 87080 


5600 


4.00 


-0.51 


1.2 


P03 


HD 89948 


5929 


4.10 


-0.31 


1.00 


S86 


HD 89948 


6000 


4.00 


-0.13 


1.80 


L91 


HD 89948 


5950 


4.10 


-0.27 


0.80 


S93 


HD 92545 


6240 


3.90 


-0.33 


1.7(1) 


N94 


HD 106191 


5840 


4.05 


-0.40 


1.0(1) 


N94 


HD 107574 


6340 


3.63 


-0.80 


1.9(3) 


N94 


HD 123585 


6047 


3.50 


-0.50 


1.8(3) 


N94 


HD 123585 


6000 


3.50 


-0.50 


2.00 


L91 


HD 147609 


6270 


3.50 


-0.50 


1.2(2) 


N94 


HD 147609 


6300 


3.61 


-0.36 


1.20 


T99 


HD 150862 


6135 


4.05 


-0.30 


1.2(1) 


N94 


HD 150862 


6200 


4.00 


-0.22 


2.20 


L91 


HD 188985 


5960 


3.78 


-0.30 


1.4(1) 


N94 


HD 222349 


6000 


3.76 


-0.90 


1.8 


N94 


BD-l-18 5215 


6290 


4.49 


-0.50 


1.2(2) 


N94 



5, 6, 9, 10, 15, 16, 17, 18. For the remaining stars, abundances 
in these figures were obtained using metallicities derived from 
Fe II lines. 

The abundance results of the sample stars are essen- 
tially homogeneous, even considering the different luminosity 
classes, as shown in Figures [^ to O Regarding Al, Na, a- 
and iron peak elements, the behaviour of [X/Fe] vs. [Fe/H] is 
in agreement with disk stars. For heavy elements, there is a 
variation that could be explained by the amount of enriched 
material that each star received from the more evolved com- 
panion. The sample is too small to reveal differences between 
the 4 halo stars and the disk ones. The overabundance found 
for the s-elements in the sample stars is expected for barium 
stars and this pecuUarity is independent of the luminosity class. 
Literature abundance data for the present sample barium stars 
are shown in Table 1201 
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Fig. 4. Lithium abundance as a function of temperatures. Symbols: squares: dwarf stars (logg > 3.7); triangles: subgiants (2.4 < 
logg < 3.7); circles: giants (iogg < 2.4). The arrows indicate an upper limit. 
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Fig. 5. [C,N/Fe] and [C/O] as a function of [F e/H1 . Symbols are the same a s in Figure|4] The arrows indicate an upper hmit. In 
the dashed region are the disk and halo stars of lOoswami & PrantzosI 1120001) . 
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Fig. 6. [2CNO/Fe] as a function ofT^jj or logg. Symbols are the same as in Figure|4l 



4.1. Lithium d 19951) . Red Giant Branch or Asymptotic Giant Branch stars 

possibly produce Li dSackmann & Boot hroyd 1992, 1999) and 

Lithium is among the yields of primordial nucleosynthesis, ^ome of them become Lithium Rich Giants (.Brown pt al,1989t 

It can also be produced i n stars with M < 8 M^. through Castilho et al. 1998). Howeyer, Li is mamly destroyed durmg 

spallation by cosmic rays JWoosley & Weayejfl995l) and the *e life of a star, and for this reason, it can be used as an ap- 

y-process suggested for the first time by 'Domoaatskii et al.' PJ'^iser of its age. Cooler stars haye a deeper conyectiye zone, 
111 9771) and later by iWoosley et al. ( 1990) and Timmes et al. 
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Table 12. Derived abundances of Li, C and N. The stars codes in the header are: el - HD 749; e2 - HR 107*; e3 - HD 5424; e4 
- HD8270*; e5 - 12392; e6 - 13551*; e7 - HD 22589; eS - HD 27271; e9 - HD 48565*; elO - HD 76225*; ell - HD 87080*; 
el2 - HD 89948*; el3 - HD 92545*; el4 - HD 106191*; el5 - HD 107574*; el6 - HD 116869; el7 - HD 123396; el8 - HD 
123585*; el9 - HD 147609*; e20 - HD 150862*; e21 - HD 188985; e22 - HD 210709; e23 - HD 210910*; e24 - HD 222349*; 
e25 - BD+18 5215*; e26 - HD 223938. The G band covers the region AA4295 - 4315 A. The stars with '*' show an upper Umit 
forN. 



el 


mol 


,1 


cl 


e2 


e3 


e4 


e5 


e6 


c7 


e8 


c9 


clO 


cU 


cl2 


el3 


el4 


el5 


el6 


el7 


el8 


el9 


e20 


e21 


e22 


e23 


e24 


e25 


e26 


Li 




6707.776 


-0.33 


<1.44 


0.10 


<1.08 


0.58 


<1.36 


<0.63 


0.37 


<0.68 


<0.94 


0.36 


1.10 


<0.98 


<1.11 




<0.18 


-0.14 


<1.12 


<1.18 


<1.00 


<1.00 


<0.16 


-0.06 


1.47 


1.67 


0.17 


Li 




6707.927 


-0.33 


<1.44 


0.50 


<1.38 


0.58 


<1.12 


<0.63 


0.37 


<0.68 


<0.63 


0.36 


1.10 


<0.98 


<1.11 




<0.18 


-0.14 


<1.12 


<1.18 


<1.00 


<1.00 


<0.16 


-0.06 


1.77 


1.67 


0.17 


C 


Ct 


5135.600 


8.62 


8.39 


8.35 


8.30 


8.79 


8.18 


8.55 


8.59 


8.27 


8.58 


8.38 


8.47 


8.63 


8.60 


8.37 


8.31 


7.83 


8.83 


8.60 


8.86 


8.61 


8.46 


8.42 


8.28 


8.53 


8.53 


C 


C, 


5165.254 


8.67 


8.39 


8.35 


8.40 


8.84 


8.28 


8.55 


8.69 


8.27 


8.58 


8.40 


8.47 


8.68 


8.60 


8.37 


8.31 


7.83 


8.83 


8.60 


8.86 


8.61 


8.46 


8.52 


8.48 


8.53 


8.53 


C 


Ct 


5635.500 


8.67 


8.39 


8.40 


8.50 


8.79 


8.48 


8.55 


8.69 


8.27 


8.58 


8.42 




8.78 


8.65 


8.37 


8.31 


7.81 


8.83 


8.60 


8.86 


8.61 


8.46 


8.52 


8.68 


8.63 


8.53 


c 


CH 


Gband 


8.67 


8.39 


8.35 


8.40 


8.79 


8.28 


8.55 


8.69 


8.27 


8.47 


8.42 


8.47 


8.78 


8.65 


8.32 


8.31 


7.83 


8.83 


8.50 


8.86 


8.61 


8.46 


8.32 


8.28 


8.63 


8.53 


N 


CN 


6477.200 


7.89 


8.66 


7.65 


8.80 


8.50 


8.75 


8.13 


8.35 


7.98 


8.74 


7.71 










7.93 




8.80 


8.36 


8.38 


8.68 


8.13 


8.07 






7.94 


N 


CN 


6478.400 




8.66 


7.65 




8.30 


9.15 


7.63 


8.35 


7.88 


8.74 


7.71 












7.83 




8.80 


8.36 


8.38 


8.68 


8.13 


8.07 








N 


CN 


6478.700 




8.66 


7.95 




8.40 


8.75 


7.63 


8.35 


7.88 


8.74 


7.71 












7.88 




8.80 


8.36 


8.38 


8.68 


8.13 


8.07 








N 


CN 


6479.000 


8.09 


8.66 


8.15 






8.75 






7.88 


8.74 


7.71 












8.08 






8.36 


8.38 


8.68 


8.13 


8.07 








N 


CN 


6703.968 


7.79 


8.66 


7.71 


8.60 


8.45 


8.55 


7.93 


8.35 


7.88 


8.64 


7.71 






8.04 




9.31 


7.83 


6.76 




8.36 


8.38 


8.48 


8.13 


8.07 






7.94 


N 


CN 


6706.733 


7.79 


8.66 


7.71 


8.60 


8.40 


8.55 


7.93 


8.35 


7.88 


8.64 


7.71 






8.04 




9.31 


7.83 


6.76 




8.36 


8.38 


8.48 


8.13 


8.07 






7.94 


N 


CN 


6708.993 


7.79 


8.66 


7.71 


8.60 


8.40 


8.75 




8.35 


7.88 


8.64 


7.71 






8.04 




9.31 


7.83 


6.76 




8.36 


8.38 


8.48 


8.13 


8.07 






7.94 


N 


CN 


8030.410 


7.74 




7.71 


8.40 


8.30 


8.25 


7.83 


8.15 


7.78 


8.44 


7.71 


8.10 


8.04 


8.77 


9.31 


7.73 


6.51 


8.80 


8.36 


8.38 


8.58 


8.13 


7.97 




8.79 


7.84 


N 


CN 


8030.720 


7.79 




7.81 


8.40 


8.40 




7.83 


8.25 


7.78 


8.14 


7.81 


8.10 
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Fig. 7. Example of fits of the C2 bands for the star- HD 12392. 
Symbols: solid line: observed spectrum; dotted lines: synthetic 
spectra with several C abundances. Upper panel: log e(C) = 
8.84, 8.79 e 8.74; Middle panel: loge(C) = 8.89, 8.84 e 8.79; 
Lower panel: loge(C) = 8.84, 8.79 e 8.74. 



Fig. 8. Example of fits of CN bands for the star HD 12392. 
Symbols: solid line: observed spectrum; dotted lines: synthetic 
spectra with several N abundances. Upper panel: log e(A^) = 
8.60, 8.50, 8.40, 8.30; Lower panel: log e(N) = 8.50, 8.45, 8.40, 
8.35. 



consequently, Li is brought to inner regions where it is com- 
pletely destroyed. 

For low metallicity dwarfs there is an upper limit of the 
temperature where the convective zone acts such that surface 
Li can be preserved, forming the Spite's plateau ( Spite & Spita 
Il982h. 

Castilho et al. feOOO") showed that the globular cluster NGC 
6397 presents a Li dilution curve where for T^// ^ 6000 K, 



log e(Li) * 2.2 and T.fj ^ 4200 K, log e(Li) ^ -0.8, indicating 
an additional Li destruction. Other causes for Li depletion have 
been suggested such as rotationally induced mixing and mass 
loss. 

Most A GB s ta rs rich in O an d C are poor in Li 
iBoesaaarci Il970t iDenn et all Il99lt iKJpper & WallersteiiJ 
1990). Therefore, a barium star considered as a result of the 
mass transfer from the companion AGB should be also Li-poor. 
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Table 13. Average abundances from molecular lines and Li 
synthesis. '<' indicates an upper limit. 



star 


logE(C) [C/Fe] loge(N) [N/Fe] 


[C/0] 


[ECNO/Fe] loge(Li) 


HD749 


8.66 


0.20 


7.82 


-0.04 


-0.01 ±0.20 


0.19 


-0.33 


HR107 


8.39 


0.23 


<8.66 


<1.10 


0.30±0.14 


0.33 


<1.44 


HD 5424 


8.36 


0.39 


7.78 


0.41 


0.21 ±0.20 


0.29 


0.34 


HD 8270 


8.41 


0.31 


<8.49 


<0.99 


0.23±0.14 


0.35 


<1.26 


HD 12392 


8.80 


0.40 


8.37 


0.57 


0.22±0.20 


0.31 


0.58 


HD 13551 


8.32 


0.24 


<8.64 


<1.16 


-0.19±0.14 


0.53 


<1.26 


HD 22589 


8.55 


0.30 


7.84 


0.19 


0.27 ±0.14 


0.16 


<0.63 


HD 27271 


8.67 


0.24 


8.31 


0.48 


0.05±0.20 


0.24 


0.37 


HD 48565 


8.27 


0.37 


<7.97 


<0.67 


0.34±0.14 


0.26 


<0.68 


HD 76225 


8.56 


0.35 


<8.58 


<0.97 


0.22±0.14 


0.37 


<0.81 


HD 87080 


8.41 


0.33 


<7.72 


<0.24 






0.36 


HD 89948 


8.47 


0.25 


<8.04 


<0.42 


-0.03±0.14 


0.28 


1.10 


HD 92545 


8.72 


0.32 


<8.04 


<0.24 


-0.01±0.14 


0.32 


<0.98 


HD 106191 


8.63 


0.40 


<8.45 


<0.82 


0.02±0.14 


0.45 


<1.11 


HD 107574 


8.36 


0.39 


<9.26 


<1.89 


0.06±0.14 


0.94 




HD 116869 


8.31 


0.11 


7.86 


0.26 


0.15±0.20 


0.05 


<0.18 


HD 123396 


7.83 


0.50 


6.68 


-0.05 


0.08±0.20 


0.43 


-0.14 


HD 123585 


8.83 


0.79 


<8.80 


<1.36 


0.46±0.14 


0.73 


<1.12 


HD 147609 


8.58 


0.51 


<8.36 


<0.89 






<1.18 


HD 150862 


8.86 


0.44 


<8.36 


<0.54 


0.16±0.14 


0.37 


<1.00 


HD 188985 


8.61 


0.39 


8.49 


0.87 


-0.05±0.14 


0.48 


<1.00 


HD 210709 


8.46 


-0.02 


8.11 


0.23 


0.00±0.20 


0.01 


<0.16 


HD 210910 


8.45 


0.30 


<8.03 


<0.48 


-0.14±0.20 


0.40 


-0.06 


HD 222349 


8.46 


0.57 


<8.09 


<0.80 


0.14±0.14 


0.53 


1.65 


BD+18 5215 


8.58 


0.59 


<8.79 


<1.40 


0.16±0.14 


0.70 


1.67 


HD 223938 


8.53 


0.36 


7.90 


0.33 


0.01±0.20 


0.35 


0.17 



The Li I lines at /16708 A in the present sample are very weak. 
For 14 of them it was possible to derive an upper limit for Li 
abundances. Table [T3l shows the Li abundances and Figure |3 
shows their behaviour with temperature. The abundances usu- 
ally obtained for dwarfs are higher than for giants, even taking 
into account that in several cases it was possible to compute 
only an upper limit. For the dwarf star BD-)-18 5215, T^ff = 
6300 K and log e(Li) = 1 .67 and for the coolest star in the sam- 
ple HD 123396, T,// = 4360 K and log e(Li) = -0. 14. 



HD 13551 and HD 22589 from C 1 lines at ^5380 A, ^71 13 A, 
^71 15 A, ^71 17 A, /17 120 A, and found, respectively, [C/Fe] = 
0.7 1 , 0.46, 0.64 (see Tablel20L which values are higher than the 
present analysis for the same stars (0.31 , 0.24 , 0.30, Table ll3> . 
For the star HD 87080, Pereira & Jun aueiral ( l2003h found [C 
I/Fe] = 0.61, also higher than in this work (0.33), but it is well 
known that the triplet at Al 1 15 - /17 120 A used by them is sub- 
ject to strong NLTE effe cts (iPrzvbillaet alJl200ll) . Comparing 
the results of [C/Fe] by iNorthetalJ ( 1 19941) with the stai-s in 
common with the present sample shown in Tables 1^ and 1 131 
a good agreement is seen, though their results for the stars HD 
48565, HD 76225 and HD 107574 are higher. Their results are 
in the range -0.15 < [C/Fe] < 0.89, confirming the good agree- 
ment. 

Figure|5]shows a decreasing trend of [ C/Fe] toward higher 
metallicities for the sample barium stars. iReddv et alJ ( 120031) 
found similar b ehaviour for their sample o f F and G disk 
dwarfs, whereas lOoswami & PrantzosI OOOOl) found a constant 
behaviour centered in [C/Fe] ~ for their sample of halo and 
disk stars, in the ranges -0.4 < [C/Fe] < -hO.4 and -1 < [Fe/H] 
< 0. It is also possible to note that even the metal-poor barium 
stars are richer in C than normal stars of similar metallicities. 
The star HD 123396 does not follow the decreasing trend of 
[C/Fe] of Figure|5] and, if it is a halo giant, then it is C-rich rel- 
ative to most stars of the halo and instead compatible with C- 
rich halo stars ( Rossi et al. 2005 ). Figure|5]also shows that the 
less evolved stars tend to have higher C abundances than more 
evolved ones, since they did not reach yet the first dredge-up 
(see Sect. 4.3). 

[C/O] vs. [Fe/H] (Figure |5} shows a large dispersion. The 
range shown is - 0.19 < [C/O] ^ 0.46 and for 6 stars [C/O] < 
(see Table O. 'Barbu v et alJ (fl992i) found the range 0.19 < 
[C/O] < 0.47. North et al. ( Il994 found higher values for [C/O], 
inside the range 0.4 < [C/O] < 1.5. 



4.2. Carbon 

C abundances were derived using molecular synthesis of the C2 

Swan (0,0) ^5165.2 A, C2 Swan (0,1) /15635.5 A band heads 

and the G band (CH A^A - X^n) at /14290-4315 A. Examples 

of spectrum synthesis are shown in Figure0 

Figure|5]shows that the sample stars are C-rich as compared 

with normal stars of the disk and halo, this being characteris- 
I II 1 1 II Ji 

tic of barium stars (Bidelman & Keenan 1951; Warner 1965). 

Despite the dispersion, the results show an increasing trend in 
[C/Fe] toward lower metallicities, except for the halo giant HD 

12 3396. 

iBarbuv et alJ d 19921) derived abundances of C, N and O for 
a sample of barium stars, including the star HD 2727 1 in com- 
mon with the present sample. Through the synthesis of the C2 
line at /15136 A, they found [C/Fe] = 0.15, compatible with 
the present work, [C/Fe] = 0.23, that is an average of several 
lines. They obtained the range -0.25 < [C/Fe] < 0.3 taking into 
account all stars in their sample and all indicators, and only 3 
stars could be deficient in C. For the present sample the range 
-0.02 < [C/Fe] < 0.79 was found, with [C/Fe] < for one star 
|Pereira(2005) determined C abundances for the stars HD 8270, 



4.3. Nitrogen 



iReddv et alJ (120031) derived N abundances from two N I lines 
for F and G dwarfs, and observed a large dispersion -0.0 5 < 
[N/Fe ] < 0.6 at -0.4 < [Fe/H] < 0.15. The sample of Clegg eTaD 
( Il98ll) resulted in [N/Fe] « in the same range of metallicities. 

In the present work, nitrogen abundances were determined 
by synthesis of CN lines in the regions AA6476 - 6480 A, 
AA6703 - 6709 A and ^^8030 - 8041 A, with C abundance pre- 
viously established from the average of the synthesis of C2 and 
CH (Sect. 4.2). Figure illustrates the fits to CN bands. The 
CN bands are very weak in stars with higher temperatures, and 
for them only an upper limit was given, as indicated in Figure|5] 
and Tablell3l The results are shown in Tables[T2landll3l [N/Fe] 
seems to increase toward lower metallicities, except for the star 
HD 123396, as shown in Figure|5] The dispersion is probably 
due to different degrees of mixing. 

i Barbuv et alJ ( 119921) noted that the barium giants of their 
sample are rich in both N and C. Figure|5land Table 1 131 show 
that the same applies to the present sample. For the star in 
common HD 27271, a nitrogen abundance 0.23 dex lower than 
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iBarbuv et alJ ( 119921) was found. Figure|5lsuggests that the less 
evolved barium stars show larger N overabundances. 

The CNO excess provides clues on the origin of the ma- 
terial rich in heavy elements that polluted the envelope of the 
barium stars, by comparing them with normal stars. During the 
main sequence, the H burning through CNO cycle conserves 
the number of nuclei of C, N and O. During the first dredge-up 
the atoms of '^C capture protons forming '^C or '"^N, and, as 
a result, the '^C is depleted by x 0.2 dex and the N increases 
by Si 0.3 dex. Some normal giants can reach [N/Fe] = 0.55 and 
in metal-poor stars the mixing is more efficient. The barium gi- 
ants have already passed by the first dredge-up, and therefore 
they should carry the characteristics of this event in addition to 
their peculiarities. Once the O abundance is not modified and N 
increases for every star after the first dredge-up, the C is consid- 
ered the main responsible for the CNO excess in barium stars 
relative to normal stars, suggesting that the origin of the mate- 
rial that has polluted the envelope is the He burning shell. The 
fact that the less evolved barium stars are rich in N suggests that 
N is also responsible for the CNO excess in these stars. Table 
II 31 shows [2CNO/Fe] > for all barium stars, and Figure |6l 
shows a clear increasing trend of [y,CN O/Fe1 with T^yy and 
log g. The range found by Barb uv et al.l (11992) for their giants 
correspond to 0.06 < [i;CNO/Fe] < 0.24 and for the present 
work, 0.01 < [2CNO/Fe] < 0.73, with the less evolved stars 
showing the higher values. 

4.4. Sodium and Aluminum 

It is probable that the production of Na, Mg and Al occurs 
through C and N burning in massive stars, and for this reason, 
probably the SN II are the main sources of a-, Na and Al in 
the disk. Sharing the same production site, the pattern of abun- 
dances are expected to show similarities, and Fi sure [TTI shows 
that it is true for the program stars. For the same reason, it is in- 
teresting to study the relations involving [Al/Mg] and [Na/Mg] 
in addition to [Al/Fe] and [Na/Fe]. 

The Baumiiller & GehrenI (119971) analysis taking into ac- 
count NLTE effects suggests that for [Fe/H] ^ -0.5 there is an 
overabundance of [Al/Fe] « 0.15 dex. According to Figure [TTI 
and Table [H] some of the sample stars are found in this re- 
gion, one of them being the halo star HD 5424 ([Fe/H] = -0.55). 
The others are below this value, except HD 210910 ([Fe/H] = 
-0.37), which is a subgiant with broad lines, and HD 123396 
([Fe/H] = -1.19), which is a halo giant. Most data are found in 
the range -0.1 < [Al/Fe] < 0.1. Relative to Mg, Figure|9lshows 
that in the range -0.75 < [Mg/H] < 0, 4 stars show overabun- 
dance and 19 a deficiency of Al relative to Mg, with values in 
the range -0.4 < [Al/Mg] < -i-0. 1 . In the Al abundance calcula- 
tion the lines /16696 A and /16698.7 A were used. 

iBaumiiller et alJ ( 119981) analysed a sample of stars taking 
into account NLTE effects and verified a decreasing trend of Na 
abundance toward decreasing metallicities. The present sample 
stars are found to be in the range -0.18 < [Na/Fe] < 0.31, show- 
ing no clear trend, but most data have -0. 1 < [Na/Fe] < 0.2, as 
shown in Figure ^2 Relative to Mg, Figure |5] shows that the 
results are in the range -0.4 < [Na/Mg] < -1-0.35 with a larger 



dispersion than [Al/Mg]. A Na deficiency relative to Mg was 
found in 1 1 stars, and for the other stars [Na/Mg] > 0. Six lines 
of Na I with two doublets were used. For 7 stars the difference 
between the lines is within ± 0.25 and ± 0.30. For one star, the 
difference is 0.40 dex. For the other sample stars there is good 
agreement between the lines. 

The Al and Na excesses relative to Ba show an increase 
toward higher metallicities (see Figure^]and Tablell8>. while 
a decreasing trend is seen relative to [Ba/H] (Figure I15> . In 
the range < [Ba/H] < 1.5, -0.2 < [Na/Ba] < -1.6 and -0.3 < 
[Al/Ba] < -1.8 were found. Otherwise, the excesses of Al and 
Na relative to Eu show no trend as a function of [Fe/H], with 
-0.7 < [Na/Eu] < 0.2 and -0.8 < [Al/Eu] < (Figure[Tl}. In the 
range -0.7 < [Eu/H] < 0.4 there is a small decreasing trend of 
[AI,Na/Eu] toward higher [Eu/H] (see FigureHTland TableHH). 

Table 15. Lines, equivalent widths and abundances. Symbols; 
'-h': abundances derived by using metallicities from Fe i lines; 
'*': multiple line; '**': Ni line blended with O line. < in- 
dicates an upper limit for oxygen. The gf-values source s 
are: 1 - [Allende Prieto et al.l (|200ll). 2 - Lambert (Il978l). 
3 - N IST, 4 - Fuhrmann et al. ( 1995), 5 - Prochaska et al.' 
tOOdti. 6 -JMcWilliam & Rich ( 1994), 7 - Barbuv et aL (.1999.) . 
8 -iBielskil (Il975l), 9 - Biemont & Godefroid (1983), 10 - 
Gratton & Sneden ("l994|), H - iHannafor det alJ (11982). 12 
- ■Hannaford&Lowe.(.19^. 13 - -Biemont et all (1198 P. 14 
- iTheveninI ( Il990l). 15 - JTheveninl (Il989h. 16 - ISmith etalJ 
(l2000l). 17 - iMcWilHam" (1998), 18 - Rutten ("l97 8|), 19 - 
'Lawl eretalldTo Ola). 20 - Palmeri et aL(.200a). 21 -.Golv et alJ 
( 199l |,22-|Lrg e & Whaling ( 197^r23 'nHartog et al.N 2003 r 
24 - Maier & Whaling (1977|), 25 - 'Sneden et al.' 1996I) . 
26 - Bie mont et al.. (■1989.) . 27 - iL awler et al.. (■2001b ). 28 - 
Bergstrom eitalJ (Il988l). 29 - ICorliss & Bo zmanI (Il962 ). 30 - 
mean b etween Kusz ( 1992) and Biemont & Lowd (119931) . 31 - 
iBiemont et al.. (.200a) 32 - .Biemont et al.. (.19831) . Full table is 
only available in electronic form. 
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4.5. a-elements 

The observations show that the a-elements tend to be overabun- 
dant at low met allicities, with fX/Fe] reaching ^ 0.5 at -4 < 
[Fe/H] < -1 (e.g.'Barbuv'l988'; 'Cavrel et al.'2004'). At [Fe/H] ^ 
-1 the overabundance starts to decrease toward higher metallic- 
ities, and [X/Fe] can be subsolar at [Fe/H] =s 0. This behaviour 
of the ff-elements relative to iron has been attributed to the time 
delay between core-collapse supernovae and SNIa. 



14 



D.M. Allen and B. Barbuy: Analysis of 26 Barium Stars 



0.5 



^ 



^-0.5 



1 



~l 1 1 T" 



[Al/Mg] 



J I I I L 



J I I I I I I I L 



T 1 1 1 1 1 1 1 1 1 1 r 

[Na/Mg] , 






J I I I I I I I L 



-1 



-0.5 



-1 

[Mg/H] 

Fig. 9. [Al/Mg] and [Na/Mg] vs. [Mg/H]. Symbols are the same as in Figure|4] 
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Fig. 10. [a,pFe/Fe] vs. [Fe/H]. Symbols are the same as in Figure^] 



No substantial difference between a-elements in normal 
and barium stars were seen up to now. Figure^Jshows [c/Fe] 
vs. [Fe/H] for the sample barium stars where a's included are 
O, Mg, Si, Ca and Ti. 

Oxygen: It is the third most abundant element in the 
Universe after H and He. It is produced during He burning 
in the interior of massive stars, and is released through SN 11 
events. 

Abundances of oxygen for the present sample were deter- 
mined through spectrum synthesis of the forbidden lines of [O 
I] at /16300.3 A and /16363.8 A. These lines are reliable since 
they are not subject to NLTE effects. The resolution of the pro- 
gram stars spectra is such that the Sen line at A63QQ.1 A is 
not blended with the [O 1] line at /16300.3 A. Telluric lines are 
displaced thanks to their radial velocities and do not blend the 
oxygen line in the sample stars. For 2 stars, HD 147609 and 
HD 87080, the sky emission line is present preventing the de- 
termination of the O abundance. For HD 13551, HD 22589 and 
HD 107574, an upper limit was derived. 

The Ni 1 line at /16300.335 A was taken into account in the 
oxygen abundance calculations. The adopted abundance for Ni 
was the average of other ten lines and the atomic constants are 
shown in Table 1 151 



The solar abundance adopted w as loge(O) = 8.74, which 
is the value bv lAsplund et al.l ( 120051) through a 3D atmosphere 
model, log e (0) = 8.66, c orrected by 0.08 for ID, according to 
Allende Prieto et al. (2001). 

The O abundance results obtaine d shown in Figurell II are 
in good agreement with Figure 4 by IFranqois et alJ (12004ft in 
the same range of metallicities. 

Magnesium: Similarly to oxygen, magnesium is also pro- 
duced by massive stars, but in this case carbon and neon burn- 
ing is responsible for its production. Figure 4 of Francois et alJ 
C2004i.) shows the evolution of [Mg/Fe] relative to [Fe/H], 
where [Mg/Fe] decreases toward increasing metallicities. 

The 3 lines used in the determination of Mg abundance 
for the present sample present a good agreement, as shown in 
Table ^] Figure ^2 shows that the range of [Mg/Fe] is simi- 
lar to those of [Na/Fe] and [Al/Fe], differing fro m [Ti/Fe], that 
reaches lower abundances, in agreement with Francois et alJ 
(y2004. and references therein). 

Silicon: SNae of ^ 20 Mg could be the m ain sources of 
Si JWooslev & WeaveJll995l ). |Prochaska et alJ (|2000) found a 
high overabundance of Si and an increasing abundance trend 
toward lower metallicities for stars of the thick disk in the 
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0.00 
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-0.05 
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-0.46 


0.07 


0.04 


0.11 


-0.07 


0.06 


HD 12392 


-0.05 


0.20 


0.19 


0.14 


-0.07 


0.21 


0.13 


0.28 


0.12 


0.24 


HD 13551 


-0.20 


0.10 


-0.14 


0.07 


-0.19 


0.07 


0.38 


0.11 


0.00 


0.06 


HD 22589 


-0.11 


0.10 


0.12 


0.07 


-0.06 


0.07 


0.02 


0.11 


0.15 


0.06 


HD 27271 


0.03 


0.20 


0.34 


0.14 


-0.21 


0.21 


0.14 


0.28 


-0.01 


0.24 


HD 48565 


-0.20 


0.10 


-0.05 


0.07 


-0.60 


0.07 


0.00 


0.11 


-0.14 


0.06 


HD 76225 


-0.29 


0.10 


0.09 


0.07 


-0.32 


0.07 


0.09 


0.11 


-0.04 


0.06 


HD 87080 


-0.11 


0.10 


-0.05 


0.07 


-0.40 


0.07 


-0.01 


0.11 


-0.07 


0.06 


HD 89948 


-0.37 


0.10 


-0.12 


0.07 


-0.23 


0.07 


0.23 


0.11 


-0.03 


0.06 


HD 92545 


-0.14 


0.10 


0.12 


0.07 


-0.20 


0.07 


0.27 


0.11 


-0.09 


0.06 


HD 106191 


-0.09 


0.10 


0.01 


0.07 


-0.22 


0.07 


0.32 


0.11 


0.07 


0.06 


HD 107574 


0.00 


0.10 


0.07 


0.07 


-0.47 


0.07 


0.28 


0.11 


-0.08 


0.06 


HD 116869 


0.04 


0.20 


0.02 


0.14 


-0.36 


0.21 


-0.07 


0.28 


-0.09 


0.24 


HD 123396 


-0.21 


0.20 


-0.34 


0.14 


-0.73 


0.21 


0.39 


0.28 


0.02 


0.24 


HD 123585 


0.01 


0.10 


0.13 


0.07 


-0.44 


0.07 


0.27 


0.11 


-0.02 


0.06 


HD 147609 


-0.05 


0.10 


0.14 


0.07 


-0.49 


0.07 


0.01 


0.11 


-0.02 


0.06 


HD 150862 


0.00 


0.10 


0.17 


0.07 


-0.25 


0.07 


0.22 


0.11 


-0.06 


0.06 


HD 188985 


-0.11 


0.10 


0.15 


0.07 


-0.31 


0.07 


0.38 


0.11 


0.00 


0.06 


HD 210709 


-0.06 


0.20 


-0.10 


0.14 


0.00 


0.21 


-0.05 


0.28 


-0.03 


0.24 


HD 210910 


0.06 


0.20 


-0.28 


0.14 


-0.26 


0.21 


0.39 


0.28 


-0.09 


0.24 


HD 222349 


-0.18 


0.10 


0.03 


0.07 


-0.50 


0.07 


0.37 


0.11 


-0.04 


0.06 


BD+18 5215 


-0.27 


0.10 


0.00 


0.07 


-0.36 


0.07 


0.38 


0.11 


0.03 


0.06 


HD 223938 


-0.17 


0.20 


-0.05 


0.14 


-0.26 


0.21 


0.30 


0.28 


-0.02 


0.24 



range of metallicities -1.2 < [Fe/H] < -0.3, in agreement with 
[McWiniam(1997) . 

For the present sample 5 lines were used. All lines give sim- 
ilar abundances, except the line /15948.5 A that gives values 0.5 
dex higher for some stars, possibly due to an unknown blend. 
Most results give [Si/Fe] a; 0, except for the stai- HD 123396, 
a halo giant, for which the abundance is higher, as shown in 
Figure^] The r esults are in ag r eemen t with the chemical evo- 
lution model bv^ Franpois et al.l ll2004h for this range of metal- 
licities. The odd-even effect observed bylArnett ( 1971), where 
Mg and Si are overabundant relative to Na and Al, is confirmed 
for some sample stars. For several stars, Na and Al abundances 
are higher than Si and Mg, with -0.1 < [Mg/Fe] < 0.2, -0.15 < 
[Si/Fe] < 0.2, -0.1 < [Na/Fe] < 0.2 and -0.1 < [Al/Fe] < 0.1. 



Calcium: According to iMcWilliaml lll997h . the abundance 
of Ca is expected to behave similarly to Si, given that SN 
II of moderate mass is t he main source of both elements 
JWooslev & Weaverlll995l). a nd they can be also released by 
SN la (Nom oto et alJll997bl) . The similarity o f behaviour be- 
tween Ca and Si was verified bv lProchaska et al. (2000) as well 
as for the barium stars of the present sample (Figure[n), except 
for the star HD 210910. Six Ca lines were used, being some of 
them very strong in some sample stars (Table [Tst . For 16 stars 
the difference between abundances derived from those lines is 
from 0.2 to 0.5 dex, and for the others, there is a better agree- 
ment. 



Titanium: Ti is usually included in the a-elements list be- 
cause its ove rabundance in metal-poo r stars is similar to that of 
g-element s JGratton & SnedeiJll99ll) . but its nucleosynthesis 
is unclear ( Wooslev & Weaver 1995). For this reason, Ti abun- 
dance can be diflFerent from that of Ca and Si, as observed by 
IProchaska eTaP ( l2000l) . According to lFrancois et alJ ( |2004 . Ti 
and Mg abundances have a similar behaviour, though the dis- 
persion is larger for Mg in their Figure 4. 

In the present work, Ti abundances are usually lower than 
those of Ca, Si and Mg, as shown in Figures^J^nd^] Twelve 
lines of Ti I were used. For 4 stars, the abundance from the 
A5210A A line is different from the other lines. The reason 
for that difference is unclear If the problem were in the atomic 
constants, the difference would be observed for all stars. In gen- 
eral, the abundance results from the 12 lines are in agreement. 

4.6. Iron peak elements 

At the last moments of the life of a massive star, the iron 
and the iron peak elements are formed in large amounts 
(Wooslev & Weaver 1995). The process that precedes the ex- 
plosion of SN la also produces these elements, but in lower 
amounts relative to massive stars. However, the SN la ejecta 
contain larger amounts of those elements than SN II, because 
part of the yield is restrained in the neutron star newly formed. 
Figure 12 of McWilliam (^1997) shows abundances from 
previous work, and it is possible to observe the trends of [X/Fe] 
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Table 16. Mean loge(X) and [X/Fe]. The symbol "*" indicates that the metallicity was derived from Fe i lines. 







HD749 




HR107 


HD 5424 


HD 8270 


HD 12392 


HD 13551 






HD 22589 


el 


logf(X) 


[X/Fe] 


[X/Fe]* 


logE(X) 


[X/Fe] 


l0g£(X) 


[X/Fe] 


logE(X) 


[X/Fe] 


logE(X) 


[X/Fe] 


l0g£(X) 


[X/Fe] 


[X/Fe]* 


10g£(X) 


[X/Fe] 





8.89 


-0.02 


0.21 


8.31 


-0.07 


8.37 


0.18 


8.40 


0.08 


8.80 


0.18 


<8.73 


<0.23 


<0.43 




<8.50 


<0.03 


Na 


6.09 


-0.41 


-0.18 


6.00 


0.03 


5.88 


0.10 


5.96 


0.05 


6.45 


0.24 


6.00 


-0.09 


0.11 




6.39 


0.33 


Mg 


7.40 


-0.35 


-0.12 


7.30 


0.08 


7.23 


0.20 


7.12 


-0.04 


7.51 


0.05 


7.39 


0.05 


0.25 




7.52 


0.21 


Al 


6.29 


-0.35 


-0.12 


6.09 


-0.02 


6.07 


0.15 


6.00 


-0.05 


6.35 


0.00 


6.08 


-0.15 


0.05 




6.30 


0.10 


Si 


7.66 


-0.06 


0.17 


7.13 


-0.06 


7.20 


0.20 


7.11 


-0.02 


7.34 


-0.09 


7.21 


-0.10 


0.10 




7.32 


0.04 


Ca 


6.28 


-0.25 


-0.02 


6.04 


0.04 


5.71 


-0.10 


6.01 


0.07 


6.23 


-0.01 


6.12 


0.00 


0.20 




6.44 


0.35 


Sc 


3.42 


0.08 


0.31 


3.00 


0.19 


3.11 


0.49 


3.01 


0.26 


3.48 


0.43 


2.98 


0.05 


0.25 




3.06 


0.16 


Ti 


4.75 


-0.44 


-0.21 


4.69 


0.03 


4.41 


-0.06 


4.47 


-0.13 


5.03 


0.13 


4.53 


-0.25 


-0.05 




4.77 


0.02 


V 


3.93 


-0.24 


-O.OI 


3.70 


0.06 


3.28 


-0.17 


3.36 


-0.22 


3.94 


0.06 


3.58 


-0.18 


0.02 




3.65 


-0.08 


Cr 


5.51 


-0.33 


-0.10 


5.28 


-0.03 


5.14 


0.02 


5.13 


-0.12 


5.64 


0.09 


5.17 


-0.26 


-0.06 




5.63 


0.23 


Co 


5.37 


0.28 


0.51 


4.74 


0.18 


4.66 


0.29 


4.43 


-0.07 


5.27 


0.47 


4.48 


-0.20 


0.00 




4.73 


0.08 


Ni 


6.25 


-0.17 


0.06 


5.83 


-0.06 


5.79 


0.09 


5.77 


-0.06 


6.23 


0.10 


5.82 


-0.19 


O.OI 




6.11 


0.13 


Cu 


4.20 


-0.18 


0.05 


3.68 


-0.17 


3.49 


-0.17 


3.58 


-0.21 


4.18 


0.09 


3.60 


-0.37 


-0.17 




3.94 


0.00 


Zn 


4.53 


-0.24 


-O.OI 


4.14 


-O.IO 


4.15 


0.10 


4.14 


-0.04 


4.50 


0.02 


4.26 


-0.10 


0.10 




4.44 


0.11 


Sri 


3.49 


0.35 


0.58 


2.91 


0.30 


3.37 


0.95 


3.38 


0.83 


3.90 


1.05 


3.29 


0.56 


0.76 




3.53 


0.83 


Srn 


3.59 


0.45 


0.68 


3.36 


0.75 


3.02 


0.60 


3.45 


0.90 


3.63 


0.78 


3.53 


0.80 


1.00 




3.58 


0.88 


Y 


3.36 


0.95 


1. 18 


2.48 


0.60 


2.72 


1.03 


2.77 


0.95 


3.33 


1.21 


2.88 


0.88 


1.08 




2.80 


0.83 


Zn 


2.86 


0.09 


0.32 


2.84 


0.60 


2.54 


0.49 


3.02 


0.84 


3.20 


0.72 


3.05 


0.69 


0.89 




2.82 


0.49 


Zrn 


3.99 


1.22 


1.45 


2.81 


0.57 


3.40 


1.35 


3.18 


1.00 


3.84 


1.36 


3.18 


0.82 


1.02 




3.40 


1.07 


Mo 


1.99 


-0.10 


0.13 


2.16 


0.60 


1.57 


0.20 


2.10 


0.60 


2.30 


0.50 


2.28 


0.60 


0.80 




1.85 


0.20 


Ba 


3.25 


0.95 


1.18 


2.72 


0.95 


3.06 


1.48 


2.82 


1.11 


3.52 


1.51 


2.85 


0.96 


1.16 




2.74 


0.88 


La 


2.33 


1.03 


1.26 


1.44 


0.67 


2.13 


1.55 


1.71 


1.00 


2.62 


1.61 


1.68 


0.79 


0.99 




1.56 


0.70 


Ce 


3.14 


1.27 


1.50 


1.75 


0.41 


3.01 


1.86 


2.11 


0.83 


3.25 


1.67 


2.17 


0.71 


0.91 




1.88 


0.45 


Pr 


1.49 


0.66 


0.89 


0.82 


0.52 


1.49 


1.38 


0.72 


0.48 


1.93 


1.39 


0.79 


0.37 


0.57 




0.66 


0.27 


Nd 


2.72 


1. 10 


1.33 


1.41 


0.32 


2.62 


1.72 


1.76 


0.73 


2.82 


1.49 


1.74 


0.53 


0.73 




1.50 


0.32 


Sm 


1.88 


0.70 


0.93 


0.95 


0.30 


1.73 


1.27 


0.96 


0.37 


2.36 


1.47 


1.02 


0.25 


0.45 




0.82 


0.08 


Eu 


0.79 


0.10 


0.33 


0.20 


0.04 


0.43 


0.46 


0.42 


0.32 


0.88 


0.48 


0.29 


0.01 


0.21 




0.46 


0.21 


Gd 


1.38 


0.09 


0.32 


1.31 


0.55 


1.02 


0.45 


0.95 


0.25 


1.57 


0.57 


1.23 


0.35 


0.55 




0.88 


0.03 


Dy 


2.06 


0.69 


0.92 






2.30 


1.65 


0.82 


0.04 


1.83 


0.75 


0.85 


-0.11 


0.09 




0.97 


0.04 


Pb 


2.27 


0.15 


0.38 


2.49 


0.90 


2.50 


1.10 


2.03 


0.50 


2.98 


1.15 


2.01 


0.30 


0.50 




1.53 


-0.15 




HD 27271 




HD 48565 


HD 76225 


HD 87080 


HD 89948 


HD 92545 




HD 106191 




el 


log£(X) 


[X/FeJ 


[X/Fe]* 


logf(X) 


IX/Fe] 


log£(X) 


[X/Fe] 


logf(X) 


[X/Fe] 


logf(X) 


[X/Fe] 


log£(X) 


[X/Fe] 


log£(X) 


[X/Fe] 







8.84 


-0.07 


0.19 


8.15 


0.03 


8.56 


0.13 






8.72 


0.28 


8.95 


0.33 




8.83 


0.38 




Na 


6.46 


-0.04 


0.22 


5.68 


-0.03 


6.10 


0.08 


5.88 


-0.01 


5.98 


-0.05 


6.25 


0.04 




6.12 


0.08 




Mg 


7.37 


-0.38 


-0.12 


6.98 


0.02 


7.26 


-0.01 


7.18 


0.04 


7.35 


0.07 


7.38 


-0.08 




7.36 


0.07 




Al 


6.29 


-0.35 


-0.09 


5.67 


-0.18 


5.86 


-0.30 


5.96 


-0.07 


5.87 


-0.30 


6.13 


-0.22 




6.16 


-0.02 




Si 


7.45 


-0.27 


-0.01 


6.87 


-0.06 


7.21 


-0.03 


7.02 


-0.09 


7.19 


-0.06 


7.29 


-0.14 




7.18 


-0.08 




Ca 


6.20 


-0.33 


-0.07 


5.79 


0.05 


6.16 


0.11 


6.04 


0.12 


6.10 


0.04 


6.32 


0.08 




6.17 


0.10 




Sc 


3.42 


0.08 


0.34 


2.82 


0.27 


3.09 


0.23 


3.13 


0.40 


2.95 


0.08 


3.23 


0.18 




3.03 


0.15 




Ti 


4.69 


-0.50 


-0.24 


4.35 


-0.05 


4.59 


-0.12 


4.53 


-0.05 


4.56 


-0.16 


4.78 


-0.12 




4.70 


-0.03 




V 


3.63 


-0.54 


-0.28 


3.19 


-0.19 


3.46 


-0.23 


3.42 


-0.14 


3.60 


-0.10 


3.77 


-0.11 




3.77 


0.06 




Cr 


5.35 


-0.49 


-0.23 


4.88 


-0.17 


5.24 


-0.12 


5.13 


-0.10 


5.37 


0.00 


5.42 


-0.13 




5.45 


0.07 




Co 


5.00 


-0.09 


0.17 


4.22 


-0.08 


4.64 


0.03 


4.48 


0.00 


4.60 


-0.02 


4.82 


0.02 




4.78 


0.15 




Ni 


6.19 


-0.23 


0.03 


5.50 


-0.13 


5.91 


-0.03 


5.74 


-0.07 


5.91 


-0.04 


6.04 


-0.09 




6.03 


0.07 




Cu 


4.01 


-0.37 


-0.11 


3.27 


-0.32 


3.78 


-0.12 


3.52 


-0.25 


3.74 


-0.17 


3.82 


-0.27 




3.88 


-0.04 




Zn 


4.47 


-0.30 


-0.04 


4.01 


0.03 


4.27 


-0.02 


4.26 


0.10 


4.32 


0.02 


4.33 


-0.15 




4.39 


0.08 




Sri 


3.37 


0.23 


0.49 


3.32 


0.97 


3.74 


1.08 


3.51 


0.98 


3.65 


0.98 


3.52 


0.67 




3.63 


0.95 




Srn 


3.52 


0.38 


0.64 


3.39 


1.04 


3.92 


1.26 


3.53 


1.00 


3.75 


1.08 


3.58 


0.73 




3.33 


0.65 




Y 


3.04 


0.63 


0.89 


2.63 


1.01 


3.10 


1.17 


2.91 


1.11 


2.96 


1.02 


2.76 


0.64 




2.86 


0.91 




Zri 


2.65 


-0.12 


0.14 


2.71 


0.73 


3.47 


1.18 


2.96 


0.80 


3.15 


0.85 


3.03 


0.55 










Zrn 


3.55 


0.78 


1.04 


3.17 


1.19 


3.55 


1.26 


3.51 


1.35 


3.33 


1.03 


3.23 


0.75 




3.38 


1.07 




Mo 


1.79 


-0.30 


-0.04 


1.80 


0.50 


2.21 


0.60 


1.88 


0.40 


2.12 


0.50 


2.20 


0.40 




2.13 


0.50 




Ba 


2.92 


0.62 


0.88 


2.80 


1.29 


3.17 


1.35 


3.17 


1.48 


2.82 


0.99 


3.05 


1.04 




2.72 


0.88 




La 


1.76 


0.46 


0.72 


1.90 


1.39 


2.04 


1.22 


2.43 


1.74 


1.76 


0.93 


1.73 


0.72 




1.50 


0.66 




Ce 


2.27 


0.40 


0.66 


2.68 


1.60 


2.45 


1.06 


2.99 


1.73 


2.11 


0.71 


2.18 


0.60 




2.02 


0.61 




Pr 


1.06 


0.23 


0.49 


1. 13 


1.09 


1.10 


0.75 


1.46 


1.24 


0.96 


0.60 


0.98 


0.44 




1.21 


0.84 




Nd 


1.89 


0.27 


0.53 


2.14 


1.31 


1.91 


0.77 


2.57 


1.56 


1.80 


0.65 


1.75 


0.42 




1.64 


0.48 




Sm 


1.33 


0.15 


0.41 


1.34 


0.95 


1.23 


0.53 


1.69 


1.12 


1.14 


0.43 


1.13 


0.24 




1. 18 


0.46 




Eu 


0.74 


0.05 


0.31 


0.25 


0.35 


0.46 


0.25 


0.74 


0.66 


0.38 


0.16 


0.72 


0.32 




0.43 


0.20 




Gd 


1.28 


-0.01 


0.25 


1. 19 


0.69 


1.25 


0.44 


1.58 


0.90 


1.07 


0.25 


1.14 


0.14 




1.23 


0.40 




Dy 


1.31 


-0.06 


0.20 


1.27 


0.69 


1.18 


0.29 


1.90 


1.14 


0.59 


-0.31 


1.17 


0.09 




1.20 


0.29 




Pb 


2.17 


0.05 


0.31 


2.68 


1.35 


2.49 


0.85 


2.56 


1.05 


2.00 


0.35 


2.53 


0.70 




2.31 


0.65 





The usual notations were adopted: log 6(A) 
particle density of "A" and "B", respectively. 



log(/VA/A'«)+12 and [A/B] = log(/VA/A'B).-log(A'A/A'B)o, where Na and Nb are the numerical 



relative to metallicity for iron peak elements. In the present 
work, this trend is unclear. However, in average, [pFe/Fe] » 
at -1.2 < [Fe/H] < 0, as shown in Figure ^| being pFe the 
average of V, Cr, Co and Ni abundances. 



The stellar yield of iion peak elements is uncertain given 
that it depends on several process not well established such 
as the amount of mass released during supernovae events, the 
mass retained in the proto neutron star, the energy of the explo- 
sion and the neutron flux. 
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Table 17. Same as Tablell6lfor other 12 sample stars and log e(X) for the Sun. For solar abundances the errors on last decimals 
are given in parenthesis. 



HD 107574 



HD 1 16869 



HD 1233% 



HD 123585 



HD 147609 



HD 150862 



HD 188985 



el 


l0g£(X) 


[X/Fe] 


logE(X) 


[X/Fe] 




loge(X) 


[X/Fe] 


[X/Fe]* 


loge(X) 


[X/Fe] 


logf(X) 


[X/Fe] 


[X/Fe]* 


loge(X) 


[X/Fe] 


l0g£(X) 


[X/Fe] 





<8.52 


<0.33 


8.38 


-0.04 




7.97 


0.22 


0.42 


8.59 


0.33 








8.92 


0.28 


8.88 


0.44 


Na 


5.93 


0.15 


5.99 


-0.02 




5.26 


-0.08 


0.12 


6.02 


0.17 


5.98 


-0.43 


O.IO 


6.25 


0.02 


6.17 


0.14 


Mg 


7.11 


0.08 


7.22 


-0.04 




6.85 


0.26 


0.46 


7.14 


0.04 


7.09 


-0.57 


-0.04 


7.33 


-0.15 


7.27 


-0.01 


Al 


6.00 


0.08 


6.15 


0.00 




5.53 


0.05 


0.25 


6.04 


0.05 


5.93 


-0.62 


-0.09 


6.22 


-0.15 


6.05 


-0.12 


Si 


7.01 


0.01 


7.21 


-0.02 




6.65 


0.09 


0.29 


7.01 


-0.06 


7.16 


-0.47 


0.06 


7.32 


-0.13 


7.19 


-0.06 


Ca 


5.88 


0.07 


5.88 


-0.16 




5.25 


-0.12 


0.08 


5.95 


0.07 


5.88 


-0.56 


-0.03 


6.21 


-0.05 


6.14 


0.08 


Sc 


2.70 


0.08 


2.98 


0.13 




2.45 


0.27 


0.47 


2.89 


0.20 


3.43 


0.18 


0.71 


3.32 


0.25 


3.11 


0.24 


Ti 


4.43 


-0.04 


4.54 


-0.16 




3.76 


-0.27 


-0.07 


4.59 


0.05 


4.41 


-0.69 


-0.16 


4.86 


-0.06 


4.70 


-0.02 


V 


3.56 


0.11 


3.41 


-0.27 




2.48 


-0.53 


-0.33 


3.63 


0.11 


3.35 


-0.73 


-0.20 


3.78 


-0.12 


3.75 


0.05 


Cr 


4.97 


-0.15 


5.12 


-0.23 




4.25 


-0.43 


-0.23 


5.12 


-0.07 


5.12 


-0.63 


-0.10 


5.50 


-0.07 


5.41 


0.04 


Co 


4.44 


0.07 


4.73 


0.13 




3.90 


-0.03 


0.17 


4.78 


0.34 


4.46 


-0.54 


-0.01 


4.90 


0.08 


4.68 


0.06 


Ni 


5.63 


-0.07 


5.86 


-0.07 




5.12 


-0.14 


0.06 


5.74 


-0.03 


5.80 


-0.53 


0.00 


6.09 


-0.06 


5.93 


-0.02 


Cu 


3.44 


-0.22 


3.65 


-0.24 




2.83 


-0.39 


-0.19 


3.77 


0.04 


3.66 


-0.63 


-0.10 


3.99 


-0.12 


3.80 


-0.11 


Zn 


4.01 


-0.04 


4.25 


-0.03 




3.84 


0.23 


0.43 


4.22 


0.10 


4.29 


-0.39 


0.14 


4.50 


0.00 


4.37 


0.07 


Sri 


3.02 


0.60 


3.08 


0.43 




2.40 


0.42 


0.62 


3.59 


1.10 


3.56 


0.51 


1.04 


3.68 


0.81 


3.72 


1.05 


Srn 


3.52 


1.10 


2.90 


0.25 




2.18 


0.20 


0.40 


3.70 


1.21 


4.11 


1.06 


1.59 


3.57 


0.70 


3.65 


0.98 


Y 


2.65 


0.96 


2.51 


0.59 




1.75 


0.50 


0.70 


3.10 


1.34 


3.36 


1.04 


1.57 


3.22 


1.08 


2.96 


1.02 


Zn 






2.31 


0.03 




1.31 


-0.30 


-0.10 


3.57 


1.45 


3.04 


0.36 


0.89 


3.51 


1.01 


2.95 


0.65 


Zrn 


3.00 


0.95 


2.96 


0.68 




2.60 


0.99 


1.19 


3.48 


1.36 


3.71 


1.03 


1.56 


3.62 


1.12 


3.48 


1.18 


Mo 


2.27 


0.90 


1.40 


-0.20 




0.53 


-0.40 


-0.20 


2.44 


1. 00 


2.20 


0.20 


0.73 


2.32 


0.50 


2.12 


0.50 


Ba 


3.29 


1.71 


2.83 


1.02 




2.24 


1.10 


1.30 


3.44 


1.79 


3.25 


1.04 


1.57 


3.06 


1.03 


3.03 


1.20 


La 


1.74 


1. 16 


1.77 


0.96 




1.21 


1.07 


1.27 


2.30 


1.65 


2.31 


1.10 


1.63 


1.83 


0.80 


1.99 


1.16 


Ce 


2.17 


1.02 


2.28 


0.90 




2.13 


1.42 


1.62 


2.91 


1.69 


2.89 


1.11 


1.64 


2.15 


0.55 


2.63 


1.23 


Pr 


0.81 


0.70 


0.98 


0.64 




0.67 


1.00 


1.20 


1.49 


1.31 


1.43 


0.69 


1.22 


1.01 


0.45 


1.18 


0.82 


Nd 


1.76 


0.86 


1.99 


0.86 




1.81 


1.35 


1.55 


2.38 


1.41 


2.32 


0.79 


1.32 


1.69 


0.34 


2.19 


1.04 


Sm 


1.10 


0.64 


1.25 


0.56 




1.01 


0.99 


1.19 


1.73 


1.20 


1.65 


0.56 


1.09 


1.14 


0.23 


1.43 


0.72 


Eu 


0.44 


0.47 


0.36 


0.16 




-0.17 


0.30 


0.50 


0.87 


0.83 


0.81 


0.21 


0.74 


0.62 


0.20 


0.51 


0.29 


Gd 


0.93 


0.36 


1.02 


0.22 




0.74 


0.61 


0.81 


1.19 


0.55 


1.47 


0.27 


0.80 


1.25 


0.23 


1.36 


0.54 


Dy 


0.99 


0.34 


1.43 


0.55 




1.20 


0.99 


1.19 


1.36 


0.64 


1.45 


0.17 


0.70 


1.24 


0.14 


1.09 


0.19 


Pb 


2.45 


1.05 


2.48 


0.85 




1.96 


1. 00 


1.20 


3.02 


1.55 


2.28 


0.25 


0.78 


2.55 


0.70 


2.60 


0.95 




HD 210709 


HD 210910 




HD 222349 


BD+18 5215 


HD 223938 


Sun 






el 


loge(X) 


[X/Fe] 


log e(X) 


[X/Fe] 


[X/Fe]* 


log e(X) 


[X/Fe] 


log e(X) 


[X/Fe] 


log E(X) 


[X/Fe] 


[X/Fe]* 


log e(X) 


ref 







8.68 


-0.02 


8.81 


0.03 


0.44 




8.54 


0.43 


8.64 


0.43 


8.74 


0.13 


0.35 


8.74(6) 


I 






Na 


6.23 


-0.06 


5.79 


-0.58 


-0.17 




5.86 


0.16 


5.97 


0.17 


6.02 


-0.18 


0.04 


6.33(3) 


2 






Mg 


7.58 


0.04 


7.32 


-0.30 


O.Il 




7.08 


0.13 


7.22 


0.17 


7.32 


-0.13 


0.09 


7.58(5) 


2 






Al 


6.41 


-0.02 


6.27 


-0.24 


0.17 




5.79 


-0.05 


5.84 


-0.10 


6.04 


-0.30 


-0.08 


6.47(7) 


2 






Si 


7.39 


-0.12 


7.35 


-0.24 


0.17 




6.89 


-0.03 


7.07 


0.05 


7.23 


-0.19 


0.03 


7.55(5) 


2 






Ca 


6.11 


-0.21 


5.54 


-0.86 


-0.45 




5.82 


0.09 


5.90 


0.07 


6.07 


-0.16 


0.06 


6.36(2) 


2 






Sc 


3.31 


0.18 


3.08 


-0.13 


0.28 




2.76 


0.22 


2.82 


0.18 


3.14 


0.10 


0.32 


3.17(10) 


2 






Ti 


4.73 


-0.25 


4.14 


-0.92 


-0.51 




4.34 


-0.05 


4.45 


-0.04 


4.51 


-0.38 


-0.16 


5.02(6) 


2 






V 


3.92 


-0.04 


3.35 


-0.69 


-0.28 




3.51 


0.14 


3.56 


0.09 


3.46 


-0.41 


-0.19 


4.00(2) 


2 






Cr 


5.60 


-0.03 


4.62 


-1.09 


-0.68 




4.90 


-0.14 


5.14 


0.00 


5.14 


-0.40 


-0.18 


5.67(3) 


2 






Co 


5.21 


0.33 


4.69 


-0.27 


0.14 




4.26 


-0.03 


4.74 


0.35 


4.70 


-0.09 


0.13 


4.92(4) 


2 






Ni 


6.15 


-0.06 


5.86 


-0.43 


-0.02 




5.60 


-0.02 


5.74 


0.02 


5.91 


-0.21 


0.01 


6.25(4) 


2 






Cu 


4.00 


-0.17 


3.68 


-0.57 


-0.16 




3.39 


-0.19 


3.59 


-0.09 


3.71 


-0.37 


-0.15 


4.21(4) 


2 






Zn 


4.40 


-0.16 


4.41 


-0.23 


0.18 




4.01 


0.04 


4.12 


0.05 


4.32 


-0.15 


0.07 


4.60(8) 


2 






Sri 


3.26 


0.33 


3.06 


0.05 


0.46 




3.24 


0.90 


3.55 


1.11 


3.21 


0.37 


0.59 


2.97(7) 


2 






Srn 


3.02 


0.09 


3.46 


0.45 


0.86 




3.39 


1.05 


3.59 


1. 15 


3.23 


0.39 


0.61 


2.97(7) 


2 






Y 


2.73 


0.53 


2.41 


0.13 


0.54 




2.64 


1.03 


2.72 


I.Ol 


2.63 


0.52 


0.74 


2.24(3) 


2 






Zn 


2.47 


-0.09 


2.12 


-0.52 


-0.11 




3.20 


1.23 


3.37 


1.30 


2.41 


-0.06 


0.16 


2.60(2) 


2 






Zrn 


3.35 


0.79 


2.59 


-0.05 


0.36 




3.19 


1.22 


3.32 


1.25 


3.31 


0.84 


1.06 


2.60(2) 


2 






Mo 


1.58 


-0.30 


1.36 


-0.60 


-0.19 




1.79 


0.50 


2.09 


0.70 


1.49 


-0.30 


-0.08 


1.92(5) 


2 






Ba 


2.82 


0.73 


2.75 


0.58 


0.99 




2.88 


1.38 


3.06 


1.46 


3.00 


1.00 


1.22 


2.13(5) 


2 






La 


1.77 


0.68 


1.50 


0.33 


0.74 




1.85 


1.35 


1.79 


1.19 


1.82 


0.82 


1.04 


1.13(3) 


3 






Ce 


2.40 


0.74 


1.98 


0.24 


0.65 




2.47 


1.40 


2.28 


1.11 


2.39 


0.82 


1.04 


1.70(4) 


4 






Pr 


1.01 


0.39 


1.15 


0.45 


0.86 




0.92 


0.89 


1.01 


0.88 


0.88 


0.35 


0.57 


0.66(15) 


5 






Nd 


2.04 


0.63 


1.63 


0.14 


0.55 




2.08 


1.26 


1.75 


0.83 


2.18 


0.86 


1.08 


1.45(1) 


6 






Sm 


1.27 


0.30 


1.05 


0.00 


0.41 




1.26 


0.88 


1.18 


0.70 


1.41 


0.53 


0.75 


1.01(6) 


7 






Eu 


0.56 


0.08 


0.69 


0.13 


0.54 




0.13 


0.24 


0.23 


0.24 


0.54 


0.15 


0.37 


0.52(1) 


8 






Gd 


1.03 


-0.05 


1.31 


0.15 


0.56 




1.06 


0.57 


1.74 


1.15 


1.14 


0.15 


0.37 


1.12(4) 


2 






Dy 


1.31 


0.15 


1. 13 


-0.1 1 


0.30 




1.16 


0.59 


1.21 


0.54 


1.36 


0.29 


0.51 


1.20(6) 


9 






Pb 


2.36 


0.45 


1.54 


-0.45 


-0.04 




2.77 


1.45 


1.87 


0.45 


2.57 


0.75 


0.97 


1.95(8) 


2 
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solar abundance 
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Scandium: IZhao & Maeainl ( Il990l) have found Sc 
overabundances of =a 0.25 dex in metal-poor stars. 
iGratton & SnedenI 11199 11) suggested that such result was 



a consequence of gf-values adopted. Proc haska et alJ (120001) 
found Sc overabundance » 0.20 dex at [Fe/H] — 0.5, with 
a decreasing trend for lower metallicities, using log gf from 
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Fig. 11. [X/Fe] vs. [Fe/H]. The symbols carry a double information: luminosity class and A[Fe/H]=[FeI/H]-[FeII/H]. 4-pointed 
symbols (squares and stars): dwarf stars with logg > 3.7; 3-pointed symbols (triangles and stars): subgiants stars with 2.4 < 
log^ < 3.7; round symbols (circles and star): giants stars with logg < 2.4. Filled symbols indicate A[Fe/H] < 0.2 dex, being the 
adopted metallicities derived from Fe n lines. Open symbols indicate the seven stars for which A[Fe/H] > 0.2 dex. These stars are 
represented twice being circles, triangles and squares corresponding to metallicities derived from Fe i lines and starred symbols, 
the same stars with metallicities derived from Feii lines. The arrows in the oxygen panel indicate an upper limit for HD 13551, 
HD 22589 and HD 107574. 



iMartin et al.l (Il988h and lLawler & DakinI (Il989|) for d isk stars 
in the range -1.2 < [Fe/HI < -0.3. lNissen et alJ (2000) found a 
trend of [Sc/Fe] similar that of a-elements for 100 dwarf F and 
G st ars with -1.4 < [Fe/H] < 0, by using hyperfine structure 
from Steffen ( 1985). In the chemical evolution model of Sc by 
iFrancois et aL (12004) . [Sc/Fe] ^ 0.2 for very metal-poor stars, 
with a trend toward zero for stars richer than [Fe/H] ~ -2. 



In the present work, 4 lines of Sc were used, with 
good agreement among their abundance results. The gf-values 
adopted were those from NIST. All results for [Sc/Fe] shown in 
Figure^lare above solar, reaching 0.7 for the star HD 147609 
([Fei/H]=-0.45). 

Vanadium: Few stu dies on vanadium were found. 
iGratton & SnedenI ll991) analysed a sample of 20 stars in an 
extensive range of metallicities and found [V/Fe] ~ for all 
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Fig. 12. [X/Fe] vs. [Fe/H]. Symbols are the same as in Figure [TTI 



metallicit ies, in agreemen t with the work by IPagell ( Il968l) . 
However. Frochaska et all (EoOO) obtained 0.1 < [V/Fe] < 0.4. 

The V I lines are very sensitive to temperature. They are 
usually weak for all stars of the present sample, but they are 
weaker for hotter stars. As an example, only 2 lines are avail- 
able for the stars HD 123585 and BD+18 5215. Despite the 
strength of the lines, the abundances derived show a good 
agreement. A larger difference, of 0.5 dex was obtained for 2 
lines of the star HD 210910 (see Tablell5t. All abundances are 
in the range -0.40 < [V/Fe] < 0.2, as shown in Figure^] 

Chromium: ICavrel et alJ ( 120041) found an increasing trend 
of [Cr/Fe] in the ra nge -4 < [Cr/Fe] < - 2 for very metal-poor 
stars. Figure 6 from Francois et al. (2004) shows that for higher 
metallicities, the data remain around [Cr/Fe] ~ 0. In the present 



work, 6 lines of Cr were used , resulting in the rang e -0.2 < 
[Cr/Fe] < 0.2, consistent with iFrancois et alJ ( 120041) . For the 
star HD 210910 the result is lower than for other stars. 

Cobalt: In the same range of metallicity, IProchaska et alJ 
( 2000) found an overabundance of Co relat ive to Fe reaching ~ 
0.2 dex, whereas lOratton & Snedenl ( ll99ll) found a deficiency 
of 0. 1 dex. The lines of Co are sensitive to temperature. For 
the hotter stars of the sample, the equivalent widths are very 
small and in some cases, they had to be discarded. Differences 
in the abundances from different lines are shown in Table 1 151 
and FigureHHshows that -0.15 < [Co/Fe] < 0.4. 

A^icfe/:lGratton & Snedei](ll99ll).lEdyardsson et~an(ll993l) 
'Peterson et al.'('l990^.'M cWilliam et alJ(ll99.5l) and'Rvan et alJ 
(1 1996) find -0.1 < [Ni/Fe] < 0.1 in the range -4 < [Fe/H] < 
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Fig. 13. [X/Fe] vs. [Fe/H] for heavy elements. Symbols are the same as in Figure [TT1 



0. In the present work, 10 lines of Ni were used with small 
differences between them. Fi^ure | 12 | shows that -0. 13 < [Ni/Fe] 
< 0.12, in agreement with tFrancois et alJ ( 12004) . 

Copper. The a nalysis of Cu as a function of metallicity 
bv LSneden & Croc ker ( 1988) and Sneden et al. ( 1991) showed 
a linear decrease of [Cu/Fe] toward decreasing metallicities, 
reaching [Cu /Fe1 ~ - 1 at [F e/H] ~ -3. This trend was confirmed 
bvlMishenin a et alJ (120021). who extended the sample for halo 
field giants, and by Simme rer et alJ (l2003h . whose sample in- 
cluded 117 giant stars in 10 globular clusters in the range of 
metalhcities -2.4 < [Fe/H] < -0.8. 

The nucleosynth etic sites of Cu are not well established yet. 
LSneden et al.H 1991 ) suggested that the Cu nucleosynthesis oc- 
cours mainly through the weak component of the s-process and 



a small contribution of the explosive burning i n SN II. The ad- 
ditional source of Cu could be SN la or SN II JMatteucci et alJ 
ll993HTimmes et alJl995tlBaraffe & Takahashill993l) " 



In the present work, 3 lines of Cu were used taking into 
account the hyperfine structure. For some stars, abundance re- 
sults derived from the line /15218.2 A are higher than those 
from the other 2 Unes, ^5105.5 A and /15782.1 A. It could be 
due to the gf-value, taken from a different source. However, for 
only one star the abundance difference between /15218.2 A and 
the other lines reaches 0.4 dex and for 3 stars, this difference 
is 0.25 to 0.3 dex. For the other stars, the agreement among 
the abundance results derived from those lines is very satisfac- 
tory. Except for a few stars, [Cu/Fe] is below solar for all stars 
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Fig. 14. [X/Fe] vs. [Fe/H] for heavy elements. Symbols are the same as in Figure [TT1 



(see Figure [T^. in agreeni ent with previous work JMcWilliaml of the s-process JSneden et alJjl991 ), SN la JMatteucci et alJ 
ll997HFrancois et al.l2004 . Il993l) and SN II dTimmeset alJl995h . 



Zinc: ISneden & CrockeJ lll988h and ISneden et alJ lll99lh 
obtained a constant behavi our for Zn with JZn/Fe l = 0, and 
this result was confirmed by Mis henina et al.l (120021) for [Fe/H] 
> -2.0. ICavrel et al. (2004) observed an increas ing trend of 
["Zn/Fe l toward lower metalliciti es. The results of Cavre l et alJ 
(120041) are shown in Figure 5 of lFrancois et alJ t200 4). includ- 
ing also observations from previous work, showing that for 
[Fe/H] > -2.5, [Zn/Fe] is approximately constant, although with 
a dispersion in the range -0.25 < [Zn/Fe] < 0.3. 

Similarly to Cu, Zn can be produced by a sum of nucleosyn- 
thetic processes (Mishenina et al. 2002) . the weak component 



In the present work, 4 atomic lines were used in order to 
compute Zn abundance. Generally, the results derived from dif- 
ferent lines are in good agreement. For 6 stars a larger differ- 
ence was observed from 0.25 to 0.6 dex, usually between the 
lines /14680.1 A and /16362.3 A. This difference should not be 
due to atomic constants, once for most stars a good agreement 
was found. [Zn/Fe] vs. [Fe/H] shown in Figure [21 is in good 
agreement with iFrancois et al. (2004) . 
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Fig. 15. [X/Ba] vs. [Ba/H]. Symbols: squares: dwarf stars {logg > 3.7); triangles: subgiants (2.4 < logg < 3.7); circles: giants 
(logg<2.4). 



4.7. s-elements 



In the s-elements list we included those elements that have 
more than 5 0% of s-process contrib ution for their abundances, 
according to lArlandini et al.l(ll999l) . Molibdenium was also in- 
cluded in this list, given that the s-process contribution for its 
abundance, although lower than 50%, is much larger than r- and 
p-processes. Details of the s-, r- and p-processes contributions 
for heavy elements abundances of sample stars will be found in 
the forthcoming paper bv Allen & Barbuv (2006. paper 11). 



Strontium: Few studies on strontium are found, 
^ashonkina & Gehren (2001) found -0.2 < [Sr/Fe] < 0.1 
for disk stars in the range of metallicities -1.5 < [Fe/H] < 0. 
For one star of the sample with [Fe/H] =s -1 they found [Sr/Fe] 
^ 0.2. In the same range of met allicities, |(j ratton & Sneden, 
(Il994l) found -0.2 < [Sr/Fe] < 0.2. I.Tehin et al.llll999h obtained 
-0.4 < [Sr/Fe] < in the metalUcity range -1.3 < [Fe/H] < -0.8. 

The difficulty in computing Sr abundance is the strength of 
the line /14077.7 A, which characterises barium stars. However, 
for most stars the abundance derived from this line was very 
close to that from /14161.8 A, as shown in Tablell5l The larger 



D.M. Allen and B. Barbuy: Analysis of 26 Barium Stars 



23 



CO 

m 



X 



T \ I r 



[0/Ba] 



T I I I I I I I r 



I ^1 



[Mg/Ba] 



■". "fc 



I __ I I I I I I 



[Ca/Ba] 



[Ti/Ba] 



■ ■ ■ lAi 



t ■ 






I I I I 

[Cr/Ba] 



I I I I 
[Co/Ba] 



+ 



- J ^. 



f • 






I I I I 
[Sc/Ba] 



I I I I 
[Cu/Ba] 



+ 






+ 



^ .• 



mj^ 



+ 



[Na/Ba] 



'•■1 



[Al/Ba] 






1 


1 1 1 1 


A _ 
1 1 


1 1 


1 1 1 1 1 


-1 


-0.5 





-1 


-0.5 
[Fe/H] 



[Si/Ba] 



[V/Ba] 



«.- 



[Ni/Ba] 



I — i — ^T 



* s 



[Zn/Ba] 






« f 



:_ [a/Ba] 










-0.5 



Fig. 16. [X/Ba] vs. [Fe/H], Symbols are the same as in Figure [Tsl 



difference is for HD 147609 (0.80 dex) followed by HD 12392 
(0.45 dex) and HD 188985 (0.30 dex). Lines of Sri usually 
result in lower abundances than Srii ones. This effect is also 
seen in the solar abundances computed by iGratton & SnedenI 
ill 994 *). Figure \T3\ shows that the relation [Sr/Fe] vs. [Fe/H] 
presents a larger dispersion for Sr ii than for Sr i. Most data are 
in the range 0.6 < [Srii/Fe] < 1.40 and 0.3 < [SrI/Fe] < 1.2. 

Yttrium: I Pratton & Sneden' ('1994'), 'jehin et al.' ('1999^ 
iTomkin & Lambert (1999) and Edvai'dsson et al. (1993) found 
an increasing trend of [Y/Fe] toward higher metallicities, ex- 
cluding the peculiar stars in their samples. In the present work, 
Y abundance was computed using synthesis of 12 lines of 



Y II. In general the results derived from different lines are in 
good agreement. A few lines result in different abundances 
that can reach 0.7 dex for some stars, as can be seen in 
Table 1151 The g f - value s for the lines of Y ii were those from 
'Hannaford et al.' ('1982'), except for the hne A6795A A, with 
log gf from McWilliam & Rich ( 1994. T he gf-values from 
iHannaford et al.l (119821) were also used by lOratton & SnederJ 
( 1 1994 resulting in log eo( Y) ^ 2.21 + 0.02 fo r the solar abun- 
dance, in agreement wit h iGrevesse & Sauvall (119 98) value of 
logeo(Y) = 2.24 ± 0.03. ICiratton & SnedenI lll99' 4) obtained - 
0.3 < [Y/Fel < 0.1 at [Fe/Hl ^ -1, and [Y/Fe] ^ at [Fe/H] * 
-0.3. .Tomkin & Lambert C 1999.) found -0.2 < [Y/Fe] < in the 
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Fig. 17. [X/Eu] vs. [Eu/H]. Symbols are the same as in FigureFTSl 



range -1 < [Fe/H] < 0. Figure[^shows resulting values much 
higher for the present barium stars, in the range 0.50 < [Y/Fe] 
< 1.60. 



Zir conium: a combinatio n of results bv JBurris et alJ 
(2000, and references therein), Gratton & Sneden 1 19941) and 
ITomkin & Lambert ( 1999 ) gives a relation of [Zr/Fe] vs. [Fe/H] 
similar to those of Sr and Y. The dispersion increases for [Fe/H] 
< -1.5, whereas for higher metallicities, [Zr/Fe] is in the range 
-0.2 < [Zr/Fe] < 0.5. For the sample barium stars the disper- 
sion is also present, and the values are much higher than for 
normal stars. Tablell5lshows that the abundances derived from 
Zri are usually lower than those from Zrii in the range 0.40 



< [Zrii/Fe] < 1.60 and -0.20 < [Zri/Fe] < 1.45, the latter with 
higher dispersion, as shown in Figure^] 

Sr, Y and Zr form the first peak of abundance of the s- 
process. The reason is that they have one isotope with a neutron 
magic number (N=50), ^^'^Sr, ^^Y and ^"Zr The larger contri- 
bution for the abundance of those elements comes from those 
isotopes. Figure E] shows that [Sr,Y,Zr/Fe] vs. [Fe/H] are far 
higher than [Mo/Fe] vs. [Fe/H]. Some stars show deficiency in 
Mo that can reach -0.20. 

Molybdenum: According to lArlandini et alJ ( Il999l) . the Mo 
abundance in the solar system has a contribution of 49.76% 
from s-process, 26.18% from r-process and 24.06% from p- 
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Fig. 18. [X/Eu] vs. [Fe/H]. Symbols are the same as in Figure [Tsl 



process. For the latter process. Mo is responsible for an abun- 
dance peak. 

In the present sample, only the line A5570A A was avail- 
able, for which the log gf from B iemont et al. ( 1983) was 
used. For the same line and log gf, ISmith et alJ ([2000) ob- 
tained 1.97 for the solar abundance, close to the value by 
[Orevesse & Sauval ( 1998) of 1.92 ± 0.05. 



Mo is Httle studied. ISmith et alJ ( 120001) obtained -0.21 < 
[Mo/Fe] < 0.9 for a sample of 10 red giant stars from the 
globular cluster a> Centauri, in the range -1.8 < [Fe/H] < -0.8. 
The range -0.20 < [Mo/Fe] < 1.0 was obtained for the stars 



of the present sample, showing a much lower pattern than the 
s-elements, as shown in FigurefOl 



Barium: ISpite & Spit3 ( Il978h verified that [Ba/Fe] in- 
creases in the range -3 < [Fe/H] < -1.5, that they called as 
"halo enrichment". For [Fe/H] > -1.5 the Ba e nrichment is 
very s low, or null. This effect is confirmed bv iBupis et alJ 
('2000 1 and re ferences therein), 'Gratton & Sneden' (" 1994V 
Mashonkina & Gehren (2001) and Tomkin & Lam bert ( 1999), 
which show [Ba/Fe] increasing to values close to solar abun- 
dance in the range -4 < [Fe/H] < -2, and values -0.4 < [Ba/Fe] 
< 0.4 for [Fe/H] > -2. 
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Table 18. Abundance excesses of Na, Al, a- and iron peak elements relative to Ba (upper table) and Eu (lower table). 



star 


[O/Ba] 


[Mg/Ba] 


[Si/Ba] 


[Ca/Ba] 


[Ti/Ba] 


IV/Ba] 


[Cr/Ba] 


[Co/Ba] 


[Ni/Ba] 


[Sc/Ba] 


[Cu/Ba] 


[Zn/Ba] 


[Na/Ba] 


[Al/Ba] 


[ff/Ba] 


[Ba/H] 


HD749 


-0.97±0.19 


-1.30+0.14 


-1.01+0.12 


-1.20+0.19 


-1.39+0.13 


-1.19+0.11 


-1.28+0.11 


-0.67+0.14 


-1.12+0.10 


-0.87+0.17 


-1.13+0.14 


-1.19+0.15 


-1.36+0.12 


-1.30+0.19 


-1.01+0.29 


1.12+0.20 


HR107 


-1.02+0.13 


-0.87+0.08 


-1.01+0.08 


-0.91+0.07 


-0.92+0.09 


-0.89+0.08 


-0.98+0.07 


-0.77+0.08 


-1.01+0.07 


-0.76+0.13 


-1.12+0.11 


-1.05+0.11 


-0.92+0.07 


-0.97+0.10 


-1.03+0.13 


0.59+0.07 


HD 5424 


-1.30+0.19 


-1.28+0.14 


-1.28+0.12 


-1.58+0.19 


-1.54+0.13 


-1.65+0.11 


-1.46+0.11 


-1.19+0.14 


-1.39+0.10 


-0.99+0.17 


-1.65+0.14 


-1.38+0.15 


-1.38+0.12 


-1.33+0.19 


-1.32+0.29 


0.93+0.20 


HD 8270 


-1.03+0.13 


-1.15+0.08 


-1.13+0.08 


-1.04+0.07 


-1.24+0.09 


-1.33+0.08 


-1.23+0.07 


-1.18+0.08 


-1.17+0.07 


-0.85+0.13 


-1.32+0.11 


-1.15+0.11 


-1.06+0.07 


-1.16+0.10 


-1.07+0.13 


0.69+0.07 


HD 12392 


-1.33+0.19 


-1.46+0.14 


-1.60+0.12 


-1.52+0.19 


-1.38+0.13 


-1.45+0.11 


-1.42+0.11 


-1.04+0.14 


-1.41+0.10 


-1.08+0.17 


-1.42+0.14 


-1.49+0.15 


-1.27+0.12 


-1.51+0.19 


-1.38+0.29 


1.39+0.20 


HD 13551 


-0.73+0.13 


-0.91+0.08 


-1.06+0.08 


-0.96+0.07 


-1.21+0.09 


-1.14+0.08 


-1.22+0.07 


-1.16+0.08 


-1.15+0.07 


-0.91+0.13 


-1.33+0.11 


-1.06+0.11 


-1.05+0.07 


-1.11+0.10 


-0.78+0.13 


0.72+0.07 


HD 22589 


-0.85+0.13 


-0.67+0.08 


-0.84+0.08 


-0.53+0.07 


-0.86+0.09 


-0.96+0.08 


-0.65+0.07 


-0.80+0.08 


-0.75+0.07 


-0.72+0.13 


-0.88+0.11 


-0.77+0.11 


-0.55+0.07 


-0.78+0.10 


-0.86+0.13 


0.61+0.07 


HD 27271 


-0.69+0.19 


-1.00+0.14 


-0.89+0.12 


-0.95+0.19 


-1.12+0.13 


-1.16+0.11 


-1.11+0.11 


-0.71+0.14 


-0.85+0.10 


-0.54+0.17 


-0.99+0.14 


-0.92+0.15 


-0.66+0.12 


-0.97+0.19 


-0.74+0.29 


0.79+0.20 


HD 48565 


-1.26+0.13 


-1.27+0.08 


-1.35+0.08 


-1.24+0.07 


-1.34+0.09 


-1.48+0.08 


-1.46+0.07 


-1.37+0.08 


-1.42+0.07 


-1.02+0.13 


-1.61+0.11 


-1.26+0.11 


-1.32+0.07 


-1.47+0.10 


-1.29+0.13 


0.67+0.07 


HD 76225 


-1.22+0.13 


-1.36+0.08 


-1.38+0.08 


-1.24+0.07 


-1.47+0.09 


-1.58+0.08 


-1.47+0.07 


-1.32+0.08 


-1.38+0.07 


-1.12+0.13 


-1.47+0.11 


-1.37+0.11 


-1.27+0.07 


-1.65+0.10 


-1.26+0.13 


1.04+0.07 


HD 87080 




-1.44+0.08 


-1.57+0.08 


-1.36+0.07 


-1.53+0.09 


-1.62+0.08 


-1.58+0.07 


-1.48+0.08 


-1.55+0.07 


-1.08+0.13 


-1.73+0.11 


-1.38+0.11 


-1.49+0.07 


-1.55+0.10 


-1.49+0.13 


1.04+0.07 


HD 89948 


-0.71+0.13 


-0.92+0.08 


-1.05+0.08 


-0.95+0.07 


-1.15+0.09 


-1.09+0.08 


-0.99+0.07 


-1.01+0.08 


-1.03+0.07 


-0.91+0.13 


-1.16+0.11 


-0.97+0.11 


-1.04+0.07 


-1.29+0.10 


-0.76+0.13 


0.69+0.07 


HD 92545 


-0.71+0.13 


-1.12+0.08 


-1.18+0.08 


-0.96+0.07 


-1.16+0.09 


-1.15+0.08 


-1.17+0.07 


-1.02+0.08 


-1.13+0.07 


-0.86+0.13 


-1.31+0.11 


-1.19+0.11 


-1.00+0.07 


-1.26+0.10 


-0.77+0.13 


0.92+0.07 


HD 106191 


-0.50+0.13 


-0.81+0.08 


-0.96+0.08 


-0.78+0.07 


-0.91+0.09 


-0.82+0.08 


-0.81+0.07 


-0.73+0.08 


-0.81+0.07 


-0.73+0.13 


-0.92+0.11 


-0.80+0.11 


-0.80+0.07 


-0.90+0.10 


-0.56+0.13 


0.59+0.07 


HD 107574 


-1.38+0.13 


-1.63+0.08 


-1.70+0.08 


-1.64+0.07 


-1.75+0.09 


-1.60+0.08 


-1.86+0.07 


-1.64+0.08 


-1.78+0.07 


-1.63+0.13 


-1.93+0.11 


-1.75+0.11 


-1.56+0.07 


-1.63+0.10 


-1.43+0.13 


1.16+0.07 


HD 1 16869 


-1.06+0.19 


-1.06+0.14 


-1.04+0.12 


-1.18+0.19 


-1.18+0.13 


-1.29+0.11 


-1.25+0.11 


-0.89+0.14 


-1.09+0.10 


-0.89+0.17 


-1.26+0.14 


-1.05+0.15 


-1.04+0.12 


-1.02+0.19 


-1.09+0.29 


0.70+0.20 


HD 123396 


-0.88+0.19 


-0.84+0.14 


-1.01+0.12 


-1.22+0.19 


-1.37+0.13 


-1.63+0.11 


-1.53+0.11 


-1.13+0.14 


-1.24+0.10 


-0.83+0.17 


-1.49+0.14 


-0.87+0.15 


-1.18+0.12 


-1.05+0.19 


-0.91+0.29 


0.11+0.20 


HD 123585 


-1.46+0.13 


-1.75+0.08 


-1.85+0.08 


-1.72+0.07 


-1.74+0.09 


-1.68+0.08 


-1.86+0.07 


-1.45+0.08 


-1.82+0.07 


-1.59+0.13 


-1.75+0.11 


-1.69+0.11 


-1.62+0.07 


-1.74+0.10 


-1.52+0.13 


1.31+0.07 


HD 147609 




-1.61+0.08 


-1.51+0.08 


-1.60+0.07 


-1.73+0.09 


-1.77+0.08 


-1.67+0.07 


-1.58+0.08 


-1.57+0.07 


-0.86+0.13 


-1.67+0.11 


-1.43+0.11 


-1.47+0.07 


-1.66+0.10 


-1.56+0.13 


1.12+0.07 


HD 150862 


-0.75+0.13 


-1.18+0.08 


-1.16+0.08 


-1.08+0.07 


-1.09+0.09 


-1.15+0.08 


-1.10+0.07 


-0.95+0.08 


-1.09+0.07 


-0.78+0.13 


-1.15+0.11 


-1.03+0.11 


-1.01+0.07 


-1.18+0.10 


-0.81+0.13 


0.93+0.07 


HD 188985 


-0.76+0.13 


-1.21+0.08 


-1.26+0.08 


-1.12+0.07 


-1.22+0.09 


-1.15+0.08 


-1.16+0.07 


-1.14+0.08 


-1.22+0.07 


-0.96+0.13 


-1.31+0.11 


-1.13+0.11 


-1.06+0.07 


-1.32+0.10 


-0.82+0.13 


0.90+0.07 


HD 210709 


-0.75+0.19 


-0.69+0.14 


-0.85+0.12 


-0.94+0.19 


-0.98+0.13 


-0.77+0.11 


-0.76+0.11 


-0.40+0.14 


-0.79+0.10 


-0.55+0.17 


-0.90+0.14 


-0.89+0.15 


-0.79+0.12 


-0.75+0.19 


-0.78+0.29 


0.69+0.20 


HD 210910 


-0.55+0.19 


-0.88+0.14 


-0.82+0.12 


-1.44+0.19 


-1.50+0.13 


-1.27+0.11 


-1.67+0.11 


-0.85+0.14 


-1.01+0.10 


-0.71+0.17 


-1.15+0.14 


-0.81+0.15 


-1.16+0.12 


-0.82+0.19 


-0.60+0.29 


0.62+0.20 


HD 222349 


-0.95+0.13 


-1.25+0.08 


-1.41+0.08 


-1.29+0.07 


-1.43+0.09 


-1.24+0.08 


-1.52+0.07 


-1.41+0.08 


-1.40+0.07 


-1.16+0.13 


-1.57+0.11 


-1.34+0.11 


-1.22+0.07 


-1.43+0.10 


-1.01+0.13 


0.75+0.07 


BD+18 5215 


-1.03+0.13 


-1.29+0.08 


-1.41+0.08 


-1.39+0.07 


-1.50+0.09 


-1.37+0.08 


-1.46+0.07 


-1.11+0.08 


-1.44+0.07 


-1.28+0.13 


-1.55+0.11 


-141+0.11 


-1.29+0.07 


-1.56+0.10 


-1.08+0.13 


0.93+0.07 


HD 223938 


-0.87+0.19 


-1.13+0.14 


-1.19+0.12 


-1.16+0.19 


-1.38+0.13 


-1.41+0.11 


-1.40+0.11 


-1.09+0.14 


-1.21+0.10 


-0.90+0.17 


-1.37+0.14 


-1.15+0.15 


-1.18+0.12 


-1.30+0.19 


-0.92+0.29 


0.87+0.20 


star 


[O/El] 


[Mg/Eu] 


[Si/Eu] 


[Ca/Eu] 


[Ti/Eu] 


IV/Eu] 


[C/Eu] 


[Co/Eu] 


[Ni/Eu] 


[Sc/Eu] 


[Cu/Eul 


[Zn/EuJ 


[Na/EuJ 


[Al/EuJ 


[a/Eu] 


[Eu/H] 


HD749 


-0.12+0.20 


-0.45+0.15 


-0.16+0.13 


-0.35+0.20 


-0.54+0.14 


-0.34+0.13 


-0.43+0.12 


0.18+0.16 


-0.27+0.12 


-0.02+0.18 


-0.28+0.15 


-0.34+0.16 


-0.51+0.13 


-0.45+0.20 


-0.16+0.30 


0.27+0.21 


HR107 


-0.11+0.14 


0.04+0.11 


-0.10+0.10 


0.00+0.09 


-0.01+0.11 


0.02+0.10 


-0.07+0.10 


0.14+0.10 


-0.10+0.10 


0.15+0.14 


-0.21+0.13 


-0.14+0.13 


-0.01+0.10 


-0.06+0.12 


-0.12+0.14 


-0.32+0.10 


HD 5424 


-0.28+0.20 


-0.26+0.15 


-0.26+0.13 


-0.56+0.20 


-0.52+0.14 


-0.63+0.13 


-0.44+0.12 


-0.17+0.16 


-0.37+0.12 


0.03+0.18 


-0.63+0.15 


-0.36+0.16 


-0.36+0.13 


-0.31+0.20 


-0.30+0.30 


-0.09+0.21 


HD 8270 


-0.24+0.14 


-0.36+0.11 


-0.34+0.10 


-0.25+0.09 


-0.45+0.11 


-0.54+0.10 


-0.44+0.10 


-0.39+0.10 


-0.38+0.10 


-0.06+0.14 


-0.53+0.13 


-0.36+0.13 


-0.27+0.10 


-0.37+0.12 


-0.28+0.14 


-0.10+0.10 


HD 12392 


-0.30+0.20 


-0.43+0.15 


-0.57+0.13 


-0.49+0.20 


-0.35+0.14 


-0.42+0.13 


-0.39+0.12 


-0.01+0.16 


-0.38+0.12 


-0.05+0.18 


-0.39+0.15 


-0.46+0.16 


-0.24+0.13 


-0.48+0.20 


-0.35+0.30 


0.36+0.21 


HD 13551 


0.22+0.14 


0.04+0.11 


-0.11+0.10 


-0.01+0.09 


-0.26+0.11 


-0.19+0.10 


-0.27+0.10 


-0.21+0.10 


-0.20+0.10 


0.04+0.14 


-0.38+0.13 


-0.11+0.13 


-0.10+0.10 


-0.16+0.12 


0.17+0.14 


-0.23+0.10 


HD 22589 


-0.18+0.14 


0.00+0.11 


-0.17+0.10 


0.14+0.09 


-0.19+0.11 


-0.29+0.10 


0.02+0.10 


-0.13+0.10 


-0.08+0.10 


-0.05+0.14 


-0.21+0.13 


-0.10+0.13 


0.12+0.10 


-0.11+0.12 


-0.19+0.14 


-0.06+0.10 


HD 27271 


-0.12+0.20 


-0.43+0.15 


-0.32+0.13 


-0.38+0.20 


-0.55+0.14 


-0.59+0.13 


-0.54+0.12 


-0.14+0.16 


-0.28+0.12 


0.03+0.18 


-0.42+0.15 


-0.35+0.16 


-0.09+0.13 


-0.40+0.20 


-0.17+0.30 


0.22+0.21 


HD 48565 


-0.32+0.14 


-0.33+0.11 


-0.41+0.10 


-0.30+0.09 


-0.40+0. 1 1 


-0.54+0.10 


-0.52+0.10 


-0.43+0.10 


-0.48+0.10 


-0.08+0.14 


-0.67+0.13 


-0.32+0.13 


-0.38+0.10 


-0.53+0.12 


-0.35+0.14 


-0.27+0.10 


HD 76225 


-0.12+0.14 


-0.26+0.11 


-0.28+0.10 


-0.14+0.09 


-0.37+0.11 


-0.48+0.10 


-0.37+0.10 


-0.22+0.10 


-0.28+0.10 


-0.02+0.14 


-0.37+0.13 


-0.27+0.13 


-0.17+0.10 


-0.55+0.12 


-0.16+0.14 


-0.06+0.10 


HD 87080 




-0.62+0.11 


-0.75+0.10 


-0.54+0.09 


-0.71+0.11 


-0.80+0.10 


-0.76+0.10 


-0.66+0.10 


-0.73+0.10 


-0.26+0.14 


-0.91+0.13 


-0.56+0.13 


-0.67+0.10 


-0.73+0.12 


-0.67+0.14 


0.22+0.10 


HD 89948 


0.12+0.14 


-0.09+0.11 


-0.22+0.10 


-0.12+0.09 


-0.32+0.11 


-0.26+0.10 


-0.16+0.10 


-0.18+0.10 


-0.20+0.10 


-0.08+0.14 


-0.33+0.13 


-0.14+0.13 


-0.21+0.10 


-0.46+0.12 


0.07+0.14 


-0.14+0.10 


HD 92545 


0.01+0.14 


-0.40+0.11 


-0.46+0.10 


-0.24+0.09 


-0.44+0. 1 1 


-0.43+0.10 


-0.45+0.10 


-0.30+0.10 


-0.41+0.10 


-0.14+0.14 


-0.59+0.13 


-0.47+0.13 


-0.28+0.10 


-0.54+0.12 


-0.05+0.14 


0.20+0.10 


HD 106191 


0.18+0.14 


-0.13+0.11 


-0.28+0.10 


-0.10+0.09 


-0.23+0.11 


-0.14+0.10 


-0.13+0.10 


-0.05+0.10 


-0.13+0.10 


-0.05+0.14 


-0.24+0.13 


-0.12+0.13 


-0.12+0.10 


-0.22+0.12 


0.12+0.14 


-0.09+0.10 


HD 107574 


-0.14+0.14 


-0.39+0.11 


-0.46+0.10 


-0.40+0.09 


-0.51+0.11 


-0.36+0.10 


-0.62+0.10 


-0.40+0.10 


-0.54+0.10 


-0.39+0.14 


-0.69+0.13 


-0.51+0.13 


-0.32+0.10 


-0.39+0.12 


-0.19+0.14 


-0.08+0.10 


HD 116869 


-0.20+0.20 


-0.20+0.15 


-0.18+0.13 


-0.32+0.20 


-0.32+0.14 


-0.43+0.13 


-0.39+0.12 


-0.03+0.16 


-0.23+0.12 


-0.03+0.18 


-0.40+0.15 


-0.19+0.16 


-0.18+0.13 


-0.16+0.20 


-0.23+0.30 


-0.16+0.21 


HD 123396 


-0.08+0.20 


-0.04+0.15 


-0.21+0.13 


-0.42+0.20 


-0.57+0.14 


-0.83+0.13 


-0.73+0.12 


-0.33+0.16 


-0.44+0.12 


-0.03+0.18 


-0.69+0.15 


-0.07+0.16 


-0.38+0.13 


-0.25+0.20 


-0.11+0.30 


-0.69+0.21 


HD 123585 


-0.50+0.14 


-0.79+0.11 


-0.89+0.10 


-0.76+0.09 


-0.78+0.11 


-0.72+0.10 


-0.90+0.10 


-0.49+0.10 


-0.86+0.10 


-0.63+0.14 


-0.79+0.13 


-0.73+0.13 


-0.66+0.10 


-0.78+0.12 


-0.56+0.14 


0.35+0.10 


HD 147609 




-0.78+0.11 


-0.68+0.10 


-0.77+0.09 


-0.90+0.11 


-0.94+0.10 


-0.84+0.10 


-0.75+0.10 


-0.74+0.10 


-0.03+0.14 


-0.84+0.13 


-0.60+0.13 


-0.64+0.10 


-0.83+0.12 


-0.73+0.14 


0.29+0.10 


HD 150862 


0.08+0.14 


-0.35+0.11 


-0.33+0.10 


-0.25+0.09 


-0.26+0.11 


-0.32+0.10 


-0.27+0.10 


-0.12+0.10 


-0.26+0.10 


0.05+0.14 


-0.32+0.13 


-0.20+0.13 


-0.18+0.10 


-0.35+0.12 


0.02+0.14 


0.10+0.10 


HD 188985 


0.15+0.14 


-0.30+0.11 


-0.35+0.10 


-0.21+0.09 


-0.31+0.11 


-0.24+0.10 


-0.25+0.10 


-0.23+0.10 


-0.31+0.10 


-0.05+0.14 


-0.40+0.13 


-0.22+0.13 


-0.15+0.10 


-0.41+0.12 


0.09+0.14 


-0.01+0.10 


HD 210709 


-0.10+0.20 


-0.04+0.15 


-0.20+0.13 


-0.29+0.20 


-0.33+0.14 


-0.12+0.13 


-0.11+0.12 


0.25+0.16 


-0.14+0.12 


0.10+0.18 


-0.25+0.15 


-0.24+0.16 


-0.14+0.13 


-0.10+0.20 


-0.13+0.30 


0.04+0.21 


HD 210910 


-0.10+0.20 


-0.43+0.15 


-0.37+0.13 


-0.99+0.20 


-1.05+0.14 


-0.82+0.13 


-1.22+0.12 


-0.40+0.16 


-0.56+0.12 


-0.26+0.18 


-0.70+0.15 


-0.36+0.16 


-0.71+0.13 


-0.37+0.20 


-0.15+0.30 


0.17+0.21 


HD 222349 


0.19+0.14 


-0.11+0.11 


-0.27+0.10 


-0.15+0.09 


-0.29+0.11 


-0.10+0.10 


-0.38+0.10 


-0.27+0.10 


-0.26+0.10 


-0.02+0.14 


-0.43+0.13 


-0.20+0.13 


-0.08+0.10 


-0.29+0.12 


0.13+0.14 


-0.39+0.10 


BD+18 5215 


0.19+0.14 


-0.07+0.11 


-0.19+0.10 


-0.17+0.09 


-0.28+0.11 


-0.15+0.10 


-0.24+0.10 


0.11+0.10 


-0.22+0.10 


-0.06+0.14 


-0.33+0.13 


-0.19+0.13 


-0.07+0.10 


-0.34+0.12 


0.14+0.14 


-0.29+0.10 


HD 223938 


-0.02+0.20 


-0.28+0.15 


-0.34+0.13 


-0.31+0.20 


-0.53+0.14 


-0.56+0.13 


-0.55+0.12 


-0.24+0.16 


-0.36+0.12 


-0.05+0.18 


-0.52+0.15 


-0.30+0.16 


-0.33+0.13 


-0.45+0.20 


-0.07+0.30 


0.02+0.21 



In the present work, all values of [Ba/Fe] are in the range of 
0.8 < [Ba/Fe] < 1.80, showing high Ba overabundance relative 
to Fe, which is a defining characteristics of barium stars. Five 
lines of Ba were used taking into account hyperfine structure. In 
general, good agreement on abundances derived from different 
lines was found, as shown in Table II 51 Fi gures [Tsl and [T6l and 
Table II 81 show abundances of a- and iron peak elements rela- 
tive to Ba. The abundance excesses relative to Ba show a de- 
creasing trend toward increasing [Ba/H]. The decreasing trend 
of [iron peak/Ba] vs. [Ba/H] could be explained by the sec- 
ondary charater of the s-process, where iron peak elements are 
the seed nuclei. [X/Ba] relative to [Fe/H] show an increasing 
trend with increasing [Fe/H]. This trend is in agreement with 
the larger efficiency of the s-process in producing heavy ele- 
ments such as Ba, at lower metallicities. The s-process site is 
different from that of Al, Na, a- and iron peak elements, there- 
fore it is not surprising that [X/Ba] vs. [Ba/H] and [X/Ba] vs. 
[Fe/H] are not constant. In both figuresE]and[^ the halo gi- 



ant star HD 123396 ([Fe/H] = -1.19) is out of the trend shown 
by the other stars. 

Lanthanum: iBurris et alJ 11200(1 and references therein) 
and Gratton & Sneden ( 1994! ) show a similar behaviour for 
[La/Fe] and [Ba/Fe]. Gr atton & Snedent C1994) f ound a range 
of -0.4 < [La/Fe] < 0.05 at -2 < [Fe/H] < 0, and lBurris etdl 
i2000'), in the range -2 < [Fe/H] < -0.5, found < [La/Fe] < 
0.5, with 2 stars with [La/Fe] < 0. 

In the present work, 8 lines of La ii were used taking into 
account the hyperfine structure. For some stars abundance dif- 
ferences between lines can reach 0.7 dex, mainly involving the 
line /14086.7 A. The origin of this difference is not related to the 
atomic constants since for several stars the agreement is very 
good. As an example, the abundance obtained from this line 
for HD 5424 was lower than from the line A5191 .6 A, while 
for HD 22589 the result is inverted. If the problem were in the 
atomic constants, the difference pattern would be always the 
same. The range obtained was 0.6 < [La/Fe] < 1 .70 (see Figure 
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I13L showing the large La overabundance relative to Fe for bar- 
ium stars, in contrast to normal stars. 

Cerium: ICiratton & siiedenl ill 994 and Ijehin et all ll 19991) 
showed for [Ce/Fe] a behaviour similar to [Ba/Fe] and [La/Fe]. 
Their results are in the range -0.4 < [Ce/Fe] < 0.15 for -2 < 
[Fe/H] < 0. In the present work, 8 lines of Ce ii were used for 
abundance determination. As for La, in some cases, the abun- 
dance result of one line was very different from the others, but 
the effect on the average is low, as can be seen in Table ll5lll6l 
and[^ Abundance excess relative to Fe is in the range 0.4 < 
[Ce/Fe] < L80, with large dispersion among the stars. 

Neodymium: iGratton & SnedenI (Il994. 

iTomkin & Lambertl(ll999l) . ljehin et alJ (ll999^ and'Burris etal] 
(2000, and references therein) show that [Nd/Fe] behaves 
similarly to Ba, L a and Ce. According to Figure 5 from 
iBurris et al.l OOOOl) . a high dispersion in the range -3 < [Fe/H] 
< -1.5 is present, with low values close to [Nd/Fe] x -0.6 and 
high values of «; -1-1.5. For [Fe/H] > -1.5 the results are in the 
range -0.3 < [Nd/Fe] < +0.3. 

In the calculation of Nd abundance for the present sam- 
ple, the hyperfine structure was neglected. According to 
lHartogetalT(l2003 !). only the odd isotopes ''^''Nd and "''^Nd 
show hyperfine structure, accounting for 20.5% of the abun- 
dance, hence the eSsct can be ignored. The abundances derived 
from 9 lines of Ndii were computed, and they show a good 
agreement, with a few exceptions, similar to previous elements 
described here. The range obtained for the abundance excess 
relative to Fe was 0.3 < [Nd/Fe] < 1.70. 

Ba, La, Ce and Nd form the second abundance peak of the 
s-process because of nuclides '•'^Ba, '•''^La, '"^'^Ce and '"^^Nd are 
neutron magic nuclei (N=82). 

Lead: There are a few stars f or wh ich the lead abundance 

was determined. Van Eck et alJ ( 120031), show that som e CH 
— I ' 11 1 

stars show high Pb abundances, and Sivar ani et al.l (|2004) gath- 
ered about 30 halo stars with high Pb abundances. There are 
4 Pb isotopes: ^o^pb, ^oep^^ loip^ ^^^ losp^^ j^^^ j^^j j^ ^^^_ 

bly magical (neutron magic in N=126 and proton magic in 
Z=82) being the responsible for the third abundance peak of 
the s-process. The best lines for the abundance calculation are 
^3639.6 A, ^3683.5 A, ^3739.9 A, ^4057.8 A and ^7229 A. 
Wavelengths A < 4000 A are not reliable with the FEROS spec- 
tra and the /17229 A line is too weak. For these reasons, the 
Pb abundance was determined using the line /14057.8 A, for 
which blends have been taken into account. The results are in 
the range -0.2 < [Pb/ Fe] < 1 .6, sh owing a large dispersion. 
According to Arlandi ni et al.l (Il999l) . the s-process is respon- 
sible for 46% of the Pb abundance with no contribution from 
the r-process. The missing abundance is generally attributed to 
the strong component of the s-process. 

4.8. r-elements 

We included in the r-elements list only those with more than 
5 0% of r-process contrib ution for their abundances, according 

to lArlandini e'taD(ll999l). 

E uropium: Gratton & Sneden (^1994), Burris et alJ 
(Eooa) . iJehin et al. (1999) , Woolfetal. (1995) and 



iMashonkina & GehrenI ( 120011) provide an increasing fin- 
ear relation between log e(Eu) and [Fe/H] . On the other hand, 
[Eu/Fe] decreases toward higher metallicities. 

In tfie present work the lines /14129.7 A, ^4205 A, /16437.7 
A and /16645. 1 A were used for computing Eu abundances, tak- 
ing into account the hyperfine structure. The abundances de- 
rived from these 2 first lines are usually lower than those de- 
rived from the 2 last lines (see Tablell5>. The 2 first lines show 
a blend with CN lines in the cooler stars, whereas for the hotter 
stars, this blend is negligible. 

Figure ^] and Table ^] show the relation between [Eu/H] 
and abundance excess of a- and iron peak elements relative to 
Eu, showing a larger dispersion than Figure^] With the excep- 
tion of O, Mg, Co and Sc, the other a- and iron peak elements 
show [X/Eu] < 0. It seems that there is an interval of [Eu/H] 
where [X/Eu] is constant and, for [Eu/H] > a decreasing 
trend is seen, that could reflect the secondary character of the 
r-process with the ir on peak elem ents as the seed nuclei. A pri- 
mary r-process (e.g. Mevet 1994^ contribution would form Eu 
without depletion of other elements. Relative to [Fe/H] (Figure 
I18> . [X/Eu] seems to be constant, with the possible exception 
of [Cr/Eu], [Co/Eu] and [Cu/Eu] which seem to increase to- 
ward increasing metallicities. The constancy of [X/Fe] could 
be due to the fact that a-elements, and probably Na and Al, 
are produced in massive stars (mostly in hydrostatic phases), 
and they are released in their SNae type II explosions as well 
as the r-elements. Thus, if all of them were released through 
the same events, their ratios are expected to be constant. The 
dispersion comes from the fact that stars of different masses 
produce different amounts of each element. Regarding the in- 
creasing or constant behaviour of [iron peak/Eu] vs. [Fe/H], it 
can be due to their production in different amounts in SNae II 
and SNae la. A larger range of metallicities expanded toward 
lower values could illustrate better such behaviour. 

Pr aseodymium: Little is done on Pr. Gratton & SnedenI 
(Il994h determined Pr abundance for metal-poor stars and ob- 
tained results in the range -0.2 < [Pr/Fe] < 0.3, for - 1 .5 < [Fe/H] 

< 0. Figure^^shows that the present results are in the range 0.2 

< [Pr/Fe] < 1 .40, showing the contribution of the s-process to 
the Pr abundance. The three lines used were in good internal 
agreement, with a few exceptions, as shown in Tablell5l 

Samarium: iGratton & SnedenI d 19941) included Sm in their 
analysis with results in the range -0.3 < [Sm/Fe] < 0.2 for -1.5 

< [Fe/H] < 0. In the present work, the results are in the range 

< [Sm/Fe] < 1.40 (FigureEJi. 

The Sm lines are very weak and the hfs of the 5 lines can 
be neglected. The abundances derived from several lines are in 
good agreement, as can be seen in Tablell5l 

Gadolinium: Gadolinium abundances are essentially not 
found in the literature, at least, in the range of metallicities of 
the present sample. The lines are very weak or even invisible in 
the spectra. Furthermore, they are only present at A < 5000 A 
with several blends. 

In the present work 3 lines of Gd were used. For most of 
them there was good agreement among the abundances derived 
from different lines (see Table [Tst . Figure O shows low dis- 
persion in the relation [Gd/Fe] vs. [Fe/H]. 
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Dysprosium: i Gratton & Snedenl ( 119941) studied stars in the 
range of metallicities -1.5 < [Fe/H] < 0, and they included Dy 
in their analysis. They found a range of -0.2 < [Dy/Fe] < 0.2 
except for one star for which they found [Dy/Fe] ^ -0.4. The 
results of the present sample are in the range of -0.25 < [Dy/Fe] 
< 1.65, shown in Figure [3] Two lines were available in the 
spectra of the sample stars, from which a good agreement was 
obtained. 

4.9. Uncertainties 

The abundance uncertainties were calculated by verifying how 
much the variation of each input parameter changes the out- 
put value log Ap. Table II 91 shows the values taken into account 
in this calculation and the resulting uncertainties for each ele- 
ment. The procedure was adopted for 2 stars, HD 5424 of low 
log g = 2.0 and HD 150862 of high log g = 4.6. 
The uncertainty on the output value is given by 



cTAp = ^(AAr)2 + (AA,j)2 + (AA,.f + (AA,„)2 



(14) 



where AAj-, AA/g, AA,. and AA,„ are the differences in Ap due 
to variations of 1 cr in the temperature, log g, microturbulent 
velocity and metallicity, respectively. 

The average value of Ap (Ap,„) is obtained by averaging 
individual abundances of several lines, and not from several 
measurements of the same line. In the latter case, the standard 
deviation could be used to calculate the uncertainty on Ap,,,. 
Considering this, we found more suitable to apply propagation 
of errors taking into account the uncertainty calculated with 
equationO Thus, the uncertainty on Ap„ is 



O'Apm 



O'Ap 



(15) 



where n is the number of lines. The uncertainty on the loga- 



rithm of Apin is 



^\og{Apm) ~ 



^Apm 

Ap„,lnlO' 



(16) 



The abundance log e(X) is related to the output of the syn- 
thesis program by log e(X) = log Ap,„ + [Fe/H]. Therefore, the 
uncertainty is 



0-\oge{X) 



a/< 



ig(Apm) +^[Fc'IHy 



(17) 



The relation between the abundance excess relative to iron 
[X/Fe] and the output value of the synthesis program is [X/Fe] 
= \ogApm - loge(X)0, where logeiX)^ is the solar abundance 
of the element "X". The uncertainty is calculated by 



0"[X/Ff] 



-^' 



2 2 

"'\og(Apm) + '^loge^iX) 



(18) 



The uncertainty on [ff/Fe], which contains the contribution 
of the uncertainty on the abundance of each element taken into 
account in the calculation of the a's, is given by 



CTlolFe] 



V^ 



log e{a) 



-\- rr + (T 



(19) 



with 



Clog e(Q') ~ 



n£(a) \ 



z 

1=1 



(10l°g'^W))2o-2 



log£(X,) 



(20) 



where n is the number of elements "X" used in the calculation 
of a, e{a) = lQ^°s<^(<'\ in this work, n=5 for most stars. For 
2 stars, HD 87080 and HD 147609, n=4 because the oxygen 
was excluded from the calculation. The criog((a)Q is similar to 
expressionl20l 

For the iron peak elements, the uncertainty is similar to ex- 
pressionll9l 

In Figures 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 17, 18 are shown 
the maximum value of uncertainties on each axis. In the corre- 
sponding tables it is possible to check all the values. 

5. Conclusions 

The barium stars have been studied throughout more than five 
decades, however several open questions still remain relative 
to their origin and characteristics. The aim of the present work 
was to increase the knowledge about this class of peculiar stars. 

For the first time a detailed study on the behaviour of abun- 
dance ratios for a large number of elements is presented for a 
relatively large sample of barium stars. 

As the first outcome of this work, the results of the atmo- 
spheric parameters show that the sample consisted of stars of 
different luminosity classes with 4300 < T^// < 6500 K and 1 .4 
< log g < 4.6. 

The metallicities obtained are typical of barium stars, in the 
range -1.2 < [Fe/H] < 0.0, most of them with -0.62< [Fe/H] < 
0.0. 

For 7 stars a significant difference was found between the 
metallicities resulting from Fei and Feii lines, (A[Fe/H] > 0.2 
dex). It is very important this to be understood in order to be 
possible to determine reliable abundances, given that the er- 
rors in metalhcities affect the resulting abundances. The differ- 
ence appears when one determines the surface gravities through 
the classical equation, which requires the mass values. In the 
present work, two methods were adopted. In the first case, the 
masses were derived fromisochrones and then the surface grav- 
ities were determined. In the second case, the surface gravities 
were derived from ionization equilibrium and then the masses. 
The difference between the surface gravities determined from 
the two methods can reach 0.6 dex and in the worst case, over 
1 dex for the star HD 147609. This difference reflects in the 
differences between the metallicities derived from lines of Fe i 
and Fe ii. One point to discuss is the fact that the masses de- 
termined using the log g from ionization equilibrium are very 
small for these 7 stars. Another point is that A[Fe/H] depends 
on the gf-values adopted (see Sect. 3.5). Feii lines are less af- 
fected by NLTE effects than Fe i, and more accurate gf-values 
for Fe n lines were used ( Melende z & Barbuvll2006l) . reducing 
the difference in log g by 0.2 dex. 

There is a good agreement between the present results and 
literature data. The abundance results obtained for the sample 
stars show that there are no correlations with the luminosity 
classes. The abundances found for the a-, iron peak, Li, Al and 
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Na are compatible with the values of [X/Fe] given in the liter- 
ature for normal disk stars in the same range of metallicities, 
and the s-overabundance is independent of luminosity class. 
There are not enough halo stars in the present sample to iden- 
tify differences between halo and disk barium stars. The range 
of metallicities is too small to allow a well-defined trend in the 
[X/Fe] vs. [Fe/H] of a- and iron peak elements. For heavy el- 
ements, there is a small variation that can be explained by the 
variable amount of enriched material that each star received 
from the more evolved companion. 

The Li abundance decreases toward lower temperatures. 
This result is consistent with the discussion in the literature 
that the Li is depleted along the red giant branch evolution. 

Less evolved stars show higher C abundances, and [C/O] is 
approximately constant with metallicity. Besides being C-rich, 
the barium stars of the present sample are N-rich. It happens 
for all stars including the less evolved ones, suggesting that N 
is also responsible for the CNO excess in these stars. 

For most stars, the excesses of Na, Al, Mg, Si and Ca rel- 
ative to Fe are within -0.2 < [X/Fe] < 0.2. O reaches higher 
values and Ti, lower values. [Ti/Fe] are approximately similar 
to those of [V/Fe], [Cr/Fe] and [Ni/Fe], identifying Ti more as 
iron peak than an a-element. For some stars the odd-even ef- 
fect, where Mg and Si are overabundant relative to Na and Al, 
can be observed, however, for several stars the abundances of 
Na and Al are higher than those of Si and Mg. 

Among iron peak elements, the Sc has th e highes t abun- 
dances. This result is in agreement with .Nissen et alJ ll200Qi^ . 
that identified an "a-element" behaviour for Sc. For Co, the 
theoretical prediction is [Co/Fe] < for the range of metallici- 
ties of the present sample, however, for most stars [Co/Fe] > 
was obtained. For other iron peak elements, V, Cr, Ni and Zn, 
[X/Fe] show a lower range of values than [Co/Fe]. Except for 
4 stars, [Cu/Fe] is below solar for the present sample. 

The excesses of Na, Al, a- and iron peak elements relative 
to Ba show a decreasing trend with [Ba/H], whereas [X/Ba] vs. 
[Fe/H] show an increasing trend. Considering that Ba repre- 
sents the s-process elements, one can consider that these corre- 
lations describe the relations between s-process and other nu- 
cleosynthetic processes. 

Regarding the r-process element Eu, there is a range of 
[Eu/H] where [X/Eu] is essentially constant, [X/Eu] showing a 
decreasing trend toward higher [Eu/H]. For most stars, [X/Eu] 
< 0, except for O, Mg, Co and Sc. [X/Eu] vs. [Fe/H] is constant 
for Na, Al and a-elements as expected. [X/Ba] and [X/Eu] for 
the sample stars characterises the abundance behaviour of dif- 
ferent elements relative to the s- and r-processes. 
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Table 19. Abundance uncertainties. 
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